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SUMMARY 


This  report  presents  the  results  of  a  wind-tunnel  investiga¬ 
tion  of  a  one-quarter-scale  two-bladed  teetering  rotor  system 
tested  in  a  Freon  atmosphere.  The  objectives  of  the  testa 
were  to  determine  the  rotor  aerodynamic  characteristics  at 
combinations  of  high  advance  ratio  and  high  advancing-tip 
Mach  number,  to  establish  the  feasibility  of  obtaining  aero¬ 
dynamic  and  rotor  structural  loads  from  a  scaled  model 
operating  in  a  Freon  atmosphere,  and  to  compare  model  and 
full-scale  data. 

Two  11-foot-diameter  rotors  were  tested:  one  having  -10-degree 
twist  and  a  constant  thickness  and  planform,  and  the  other 
having  0-degree  twist,  constant  planform,  and  a  thickness  taper 
in  the  outboard  20  percent  of  span.  Rotor  aerodynamic  data 
and  blade  structural  loads  data  were  obtained  for  both  rotors. 
Scaling  parameters  were  established  by  maintaining  the  model 
rotor  advance  ratio  and  advancing-tip  Mach  number  numerically 
equal  to  an  equivalent  full-scale  rotor.  Rotor  dynamics 
were  preserved  in  the  model  on  a  "per-rev"  basis  by  maintain¬ 
ing  the  full-scale  ratio  of  the  blade  natural  frequency 
divided  by  the  rotor  rotational  frequency.  Data  were  obtained 
at  advance  ratios  from  0.30  to  0.72  in  combination  with 
advancing-tip  Mach  numbers  varying  from  0.70  to  0.96. 

In  general,  the  aerodynamic  test  data  followed  predicted 
trends  and  correlated  well  with  full-scale  tunnel  data  in  the 
areas  of  low  blade  loading  at  low  advance  ratios  and  advancing- 
tip  Mach  numbers.  The  blade  loads  data  followed  the  expected 
trends,  but  their  magnitude  could  not  be  readily  compared  to 
existing  flight  test  data  due  to  the  differences  between  the 
flight  test  conditions,  model  test  conditions  attained,  and 
hub  impedance  differences. 
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INTRODUCTION 


The  operational,  speeds  of  present-day  helicopters  are  far  in 
excess  of  those  believed  feasible  only  a  few  years  ago.  Heli 
copters  are  presently  flying  at  advance  ratios  approaching 
0.50  and  at  advancing-tip  Mach  numbers  nearing  1.00.  (The 
U.  S.  Army  AH-56A  Cheyenne  reportedly  has  flown  at  an  advance 
ratio  of  approximately  0.54  and  advancing-tip  Mach  numb  *  of 
0.90.)  Experimental  rotorcraft  have  flown  at  advance  ratios 
exceeding  0.70,  and  future  helicopters  or  their  derivatives 
will  operate  in,  and  probably  beyond,  this  range  of  advance 
ratios  and  advancing-tip  Mach  numbers. 

Theory  has  been  extended  to  encompass  the  projected  speed 
capabilities  of  these  future  machines.  Until  recently,  very 
little  data  have  been  available  from  which  the  theory  could 
be  verified  or  modified.  The  conditions  at  which  flight-test 
data  are  taken  are  usually  not  accurately  enough  determined 
nor  sufficiently  controlled  for  theoretical  verification. 
Small-scale  model  tests  in  wind  tunnels  meet  with  the  common 
scaling  problem  of  simulating  the  significant  parameters 
simultaneously.  Full-scale  testing  of  normal-sized  rotors 
is  restricted  to  about  200  knots  due  to  available  tunnel 
limitations.  The  use  of  Freon  as  a  teat  medium  for  testing 
scaled  rotors  is  one  approach  to  obtaining  the  necessary  data 

The  use  of  Freon  as  a  test  medium,  with  its  characteristic 
low  speed  of  sound  («510  ft/aec)  and  high  density  («0.008 
slug/ft*) t  permits  closer  simulation  of  the  significant  rotor 
parameters  when  testing  a  scaled-rotor  system.  Also,  model 
design  requirements  such  as  stiffness  and  mass  are  easier  to 
satisfy.  However,  the  validity  of  data  obtained  in  Freon  is 
questioned,  because  the  ratio  of  specific  heats  of  Freon  is 
about  1.13  as  compared  to  1.40  for  the  same  ratio  in  air. 

This  implies  that  the  boundary  layer  and  pressure  distribu¬ 
tion  may  not  be  scaled  when  incipient  blade  stall  occurs. 

The  questions  relating  to  the  specific  heat  of  Freon  cannot 
be  answered  satisfactorily  without  obtaining  sufficient  data 
under  comparable  controlled  conditions  in  both  Freon  and  air. 
Using  such  data,  valid  comparisons  may  be  made. 

This  program  was  undertaken  to  provide  data  to  assess: 

-  The  aerodynamic  characteristics  of  rotors  operating 
at  combinations  of  high  advance  ratio  and  advancing- 
tip  Mach  number 

-  The  feasibility  of  obtaining  rotor  and  aerodynamic 
structural  loads  from  a  dynamically  similar  scaled 
model 

-  The  validity  of  data  obtained  in  a  Freon  atmosphere 

1 


TEST  EQUIPMENT 


MODEL  DESCRIPTION 

The  model,  as  shown  installed  in  the  tunnel  in  Pigure  1,  has 
an  11-foot -dia.ieter  main  rotor  and  no  tail  rotor.  The  body 
is  torpedo-shaped  and  is  the  minimum  size  (20-inch  diameter) 
that  will  enclose  the  mechanical  components.  A  fixed-incidence 
horizontal  stabilizer  is  installed  to  minimize  the  fuselage 
pitching  moment. 

Figure  2  is  a  schematic  of  the  model  and  shows  the  relation¬ 
ship  of  the  various  component  parts.  Figure  3  gives  the 
dimensional  envelope  for  the  model  installation.  The  support 
frame  of  the  model  is  constructed  of  heavy  aluminum  alloy 
plate.  This  frame  attaches  to  the  pitch  plate  and  provides  the 
model  pitch  axis.  Model  pitch  change  is  effected  by  a  remotely 
controlled  linear  actuator  attached  to  the  frame  at  one  end 
and  to  the  pitch  plate  at  the  other.  The  pitch  plate  is 
bolted  to  the  NASA -Lang ley  6-component  balance  (SP03R). 

The  model  pylon  assembly  is  attached  to  the  support  frame 
through  four  Lord  mounts  (see  Figure  2).  The  spring  rate  of 
these  mounts  was  selected  to  establish  the  desired  pylon 
frequency.  The  pylon  assembly  consists  of  the  power  train, 
transmission,  rotor  shaft,  controls  system,  hub,  and  rotor. 

The  fact  that  the  model  motors  were  installed  as  a  part  of  the 
pylon  assembly  resulted  in  a  higher- than-scale  pylon  inertia; 
thus  the  hub  impedance  of  the  model  is  not  scaled  to  that  of 
the  flight  tested  hub. 

The  rotor  is  powered  by  two  variable-frequency,  water-cooled 
model  motors  each  rated  30  horsepower  at  12,000  rpm.  The 
motors  are  belted  to  a  common  input  to  the  transmission  assem¬ 
bly  that  drives  the  rotor.  An  overall  motor  rpm  reduction  of 
18:1  is  accomplished  ahead  of  the  rotor  shaft  by  a  6.9:1  belt 
reduction  and  a  2.6:1  gear  reduction.  This  reduction  is  com¬ 
patible  with  the  requirement  to  maintain  the  full-scale  advance 
ratio  and  advanc ing-tip  Mach  number  during  the  model  tests. 

The  rotor  controls  consist  of  a  "rise-and-fall"  swashplate, 
driven  by  a  pylon-based  actuator,  to  vary  the  blade  collective 
pitch,  and  two  swashplate-mounted  actuators  to  input  the  lat¬ 
eral  and  longitudinal  (fore  and  aft)  cyclic  requirements.  All 
controls  are  actuated  from  a  remotely  located  control  console 
(see  Figure  4).  The  rotor  control  rates  are  each  designed  to 
one -quarter  of  a  degree  per  second  for  the  rated  28-volt  input 
to  the  control  motors.  These  rates  can  be  changed  by  varying 
the  voltage  to  the  motors.  Incorporated  in  the  fore  and  aft 
cyclic  control  system  is  the  capability  of  introducing  a  rapid 
control  input  to  the  rotor  (1  degree  in  1/100-second)  at  a 
preselected  rotor  azimuth  position.  The  rapid  cyclic  control 
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input  is  initiated  by  an  electrical  aignal  triggered  at  a 
fixed  rotor  azimuth  position.  Thia  aignal  can  be  delayed 
electronically ,  and  thua  the  rotor  azimuth  at  which  the 
cyclic  input  occurs  can  be  varied  over  a  range  of  approxi¬ 
mately  90  degrees. 

A  tubular  steel  truss -type  tail  boom  structure  attaches  to 
the  aft  support  frame  and  provides  the  structural  support  for 
the  horizontal  stabilizer  and  the  tail  boom  fairing.  The 
nose,  pylon,  and  center-body  fairings  are  attached  directly 
to  the  support  frame.  Approximately  250  pounds  of  lead  are 
attached  to  the  frame  and  tail  boom  in  the  appropriate  loca¬ 
tions  to  produce  a  fuselage  that  is  free  of  resonant 
frequencies  throughout  the  rotor  operating  range. 

ROTOR  SYSTEM 

The  model  has  a  two-bladed  semirigid  rotor  system.  Three 
rotors  were  fabricated  for  testing  on  the  model;  however, 
time  permitted  testing  only  rotors  1  and  3  (-10-degree  twist 
and  0-degree  twist).  The  geometric  parameters  of  the  rotors 
are  presented  in  Table  I. 


TABLE  I. 

ROTOR  GEOMETRIC 

PARAMETERS 

Diameter 

Chord 

Twist 

Tapered  Tips 

Rotor 

(ft) 

(in.) 

(deg) 

1 

11 

6.75 

-10 

No 

2 

11 

6.75 

-  5 

Yes 

3 

11 

6.75 

0 

Yes 

Rotor  1  is  geometrically  and  dynamically  similar  to  the  Bell 
"door-hinge”  (540)  rotor  system  used  on  the  UH-1C  and  AH-1G 
series  helicopters.  This  is  a  symmetrical  airfoil  section 
about  9-percent  thick.  All  three  rotors  have  the  same  constant* 
thickness  airfoil  section  except  for  the  tapered-tip  portion. 

The  airfoil  coordinates  for  the  constant  section  are  given  in 
Table  II,  and  typical  rotor  cross  sections  are  shown  in  Figure  5. 
Rotors  2  and  3  are  tapered  in  thickness  only  from  80  percent  of 
radius  to  the  tip.  Starting  at  CO  percent  of  radius,  rotors  2 
and  3  taper  linearly  to  an  NACA  0006  airfoil  section  at  the  tip. 
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SCALING  CRITERIA 


Scaling  parameters  wera  datanninad  by  maintaining  tha  modal 
rotor  advance  ratio  and  advene ing-t ip  Mach  number  numerically 
equal  to  the  full-acala  rotor  values,  or 

»  t‘F  and  M(1#0f90.)M  *  H(1.0,90.)p 

Rotor  dynamica  are  aimulated  on  a  "par-rav"  baaia  by  maintain¬ 
ing  tha  ratio  of  the  modal  rotor  natural  frequency  divided  by 
the  modal  rotor  rotational  frequency  equal  to  the  eame  full- 
•cale  rotor  ratio.  In  order  to  meet  thia  blade  frequency 
acaling  and  to  maintain  rotor  behavior  simulation,  the  blade 
Lock  number  ia  numerically  scaled.  Table  III,  taken  from 
Reference  l,  shows  some  of  the  more  important  scaling  rela¬ 
tionships. 

Rotor  1  (-10-degree  twiat  blades)  ia  a  dynamically  similar,  one- 
quarter  scale  model  of  the  Bell  Model  540  rotor  system.  The 
acaling  parametera  of  Table  III,  flapwise  and  chordwlae  stiff¬ 
ness  and  mass  distributions,  were  followed  in  designing  thia 
rotor.  It  should  be  noted  that  no  attempt  was  made  to  acale  the 
torsional  atiffneaa  of  the  blade.  However,  subsequent  shake 
testa  of  the  rotor  system  showed  the  first-symmetric  torsional 
mode  to  be  reasonably  close  to  the  scaled  frequency  (see  Table 
IV).  Due  to  the  high  frequencies  involved,  the  other  torsional 
modes  could  not  be  defined  during  the  shake  test  and  do  not 
necessarily  correspond  with  the  full-scale  blade  frequencies. 

Two  hub  assemblies  were  fabricated  of  17-4  PH  steel.  Both  hubs 
have  stiffness  and  mass  distributions  that  are  equivalent  to  the 
full-scale  hub  assembly.  The  basic  difference  between  the  two 
hubs  is  the  amount  of  undersllnging.  Hubs  1  and  2  have  1.20 
and  1.08  inches  of  undersllnging,  respectively.  The  undersli.ig- 
lng  of  hub  l  is  scaled  from  the  full-scale  540  hub.  This  hub 
was  used  throughout  the  test  program  and  is  shown  in  Figure  6. 

The  geometric  blade  design  for  each  of  the  three  rotors  is 
essentially  the  same.  Rotors  2  and  3  are  not  scaled  to  a 
particular  configuration,  but  they  are  designed  to  avoid 
resonant  frequenciea  within  the  proposed  operating  rpm.  Fig- 
urea  7  through  12  show  the  blade  natural  frequencies  versus 
rpm  for  the  full-scale  540  rotor  system  and  for  the  auarter- 
scale  model  rotors.  Collective  mode  as  referred  to  in  Figures 
7  through  12  are  those  blade  bending  modes  excited  by  collec¬ 
tive  pitch  inputs;  these  are  the  flapwise  symmetric  modes  and 
chordwise  asymmetric  modes.  Cyclic  mode  refers  to  the  blade 
bending  modes  excited  by  cyclic  pitch  inputs;  these  modes  are 
the  asymmetric  flapwise  and  symmetric  chordwise  modes.  Scaled 
rotor  rpm  and  frequencies  are  equal  to  1.88  times  the  equiva¬ 
lent  full-scale  value.  Figures  11  and  12  are  representative 
of  both  rotors  2  and  3  (-5-degree  twist  and  0-degree  twist). 
Twist  is  the  only  difference  between  these  blades,  and  it  does 
not  significantly  affect  the  blade  frequencies. 
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INSTRUMENTATION  SYSTEM 


Instrumentation  is  installed  on  the  model  to  provide  the  model 
aerodynamic  parameters,  rotor  and  control  loads,  rotor  rpm, 
and  various  position  data.  Table  V  is  a  list  of  the  instru¬ 
mentation  available  on  the  model. 

The  forces  and  moments  of  the  entire  model  (rotor  and  fuselage) 
are  measured  by  means  of  a  6-component  balance  provided  and 
calibrated  by  NASA-Langley .  Individual  component  loads  are 
obtained  from  foil-type  strain  gages  wired  into  four  active 
arm  bridges  and  excited  by  a  DC  voltage.  Strain-gage  sensi¬ 
tivities  were  determined  by  direct  calibration  using  known 
loadings  through  the  expected  operating  range.  The  load- 
equivalent  electrical  output  was  obtained  using  a  precision 
resistor  shunt  on  one  leg  of  the  bridge. 

Flapping  and  pylon  positions  are  measured. using  strain-gaged 
flexures  to  sense  position.  Positions  were  calibrated  by 
moving  the  hardware  incrementally  through  the  full  operating 
range  and  plotting  electrical  output  versus  mechanical  posi¬ 
tion.  All  control  positions  are  obtained  from  potentiometers 
used  as  one  arm  of  a  four-arm  bridge  circuit.  Each  control 
position  is  equipped  with  dual  sensing  circuits  for  monitoring 
and  recording,  as  discussed  later.  Control  positions  were 
calibrated  as  described  above. 

A  single  accelerometer  is  mounted  to  the  pylon  support  struc¬ 
ture  to  sense  the  pylon  vibration.  These  data  were  monitored 
during  the  test  to  prevent  exceeding  safe  structural  limits 
of  the  basic  model.  Additionally,  a  microphone  is  installed 
within  the  model  fairing,  in  the  vicinity  of  the  transmission 
and  drive  motors,  to  aurally  monitor  unusual  sounds.  Various 
loads  data  were  monitored  by  direct  digital  readout  during  the 
test.  The  hub  flexure  flapwise-  and  chordwise-bending  moments 
were  continuously  monitored  on  a  dual-beam  oscilloscope.  Motor, 
transmission,  and  drive-system  bearing  temperature  were  moni¬ 
tored  on  a  Brown  recorder. 

All  data,  except  the  6-component  balance  and  tunnel  informa¬ 
tion,  were  recorded  on  magnetic  tape  using  a  contractor- 
supplied  data  acquisition  system.  The  data  acquisition  system 
included  a  monitoring  station  where  up  to  13  channels  of  data 
could  be  displayed  digitally,  in  engineering  units,  by  select¬ 
ing  the  desired  channel.  A  direct-write  oscillograph  was  used 
to  record  these  data  simultaneously.  All  control  positions 
were  continuously  displayed  on  calibrated  meters  at  the  model- 
operator's  control  console.  As  a  precaution,  the  potentiom¬ 
eters  powering  these  meters  are  electrically  independent  of 
those  being  recorded. 
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TABLE  V.  MODEL  INSTRUMENTATION  LIST 


Lift 


Dra 


Side  Force 


Pitch  Moment 


Roll  Moment 


Yaw  Moment 


F/A  Cyclic  Position 


Lateral  Cyclic  Position 


Collective  Position 


Mast  Pitch  Position 


Mast  Torque 


Rotor  Rotational  Speed 


Flapwise  Bending  Moment 


Flapwise  Bending  Moment 


Flapwise  Bending  Moment 


Chordwise  Bending  Moment 


Chordwise  Bending  Moment 


Torsional  Bending  Moment 


Flapwise  Bending  Moment 


Chordwise  Bending  Moment 


Pitch  Link  Load 


F/A  Cyclic  Load 


Lateral  Cyclic  Load 


Fuselage  Pitch-Plate  Load 


Flapping  Position 


Pylon  Pitch  Position 


Pylon  Roll  Position 


Pylon  Accelerations 


Model  Internal  Noise 


Drive  Train  Temperatures 


Transducer 

Location 


Model  Mount 


Model  Mount 


odel  Mount 


odel  Mount 


Model  Mount 


Model  Mount 


Control  Sys. 


Rotor 


Rotor 


Blade 


Blade 


Blade 


Blade 


Blade 


Blade 


Blade 


Mast 


Mast 


Sta. 15 


Sta.3 


Sta. 47 


Sta. 30 


Sta. 47 


Sta.3 


Sta. 


SP03R  Balance 


P03R  Balance 


SP03R  Balance 


SP03R  Balance 


SP03R  Balance 


SP03R  Balance 


Potentiometer 


Potentiometer 


Potentiometer 


Potentiometer 


Strain  Gage 


ub  Sta. 2.0 


Strain 


Strain 


Strain 


Strain 


Strain 


Strain 


Strain 


Strain 


Strain 


Strain 


Strain 


Gage 


Gage 


Gage 


Gage 


Gage 


Gage 


Gage 


Gage 


Gage 


Gage 


Gage 


itch  Pla 


Strain  Gage 


Strain  Gage 


Strain  Gage 


Accelerometer 


Microphon 


**  iPower  Tram  I  Thermocouples 


*  All  blades  had  identical  instrumentation. 

**  Motors,  drive  train  bearings^  and  transmission 
temperatures  were  monitored  on  a  Brown  Tern - 
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All  information  relative  to  the  tunnel  conditions  and  the  model 
aerodynamic  data  (balance  data,  control  positions,  mast  torque, 
and  rpm)  were  recorded  and  reduced  by  NASA-Langley .  The  bal¬ 
ance  data  were  resolved  such  that  all  forces  were  in  the 
relative  wind-axis  system,  and  all  moments  were  transferred 
from  the  balance-resolving  center  to  the  center-of -rotation 
of  the  hub  and  referenced  to  the  shaft-axis  system.  It  should 
be  noted  that  the  collective  pitch  shown  in  the  appendix  and 
used  throughout  this  report  are  approximate  values.  Due  to 
the  kinematics  of  the  rotor  system,  collective  pitch  is  affec¬ 
ted  by  the  rotor  coning  angle.  The  instrumentation  system 
was  calibrated  for  a  static  rotor  and  the  recorded  data  were 
theoretically  corrected  to  account  for  the  delta  collective 
pitch  induced  by  the  coning  angle.  The  pertinent  aerodynamic 
data  are  presented  in  nondimensional  form  in  the  appendix. 

TESTING  PROCEDURES 


Model  tares  were  obtained  by  operating  the  model  without  the 
rotor  blades  installed  at  two  velocities  and  recording  the 
balance  data  throughout  the  model  pitch  range.  The  tares 
were  found  to  be  a  function  of  dynamic  pressure  and  fuselage 
pitch  attitude  only  and,  within  the  range  of  interest,  were 
not  influenced  by  the  rotational  speed  of  the  hub.  These 
tares  are  presented  in  the  appendix  and  were  applied  to  the 
test  data  to  obtain  the  rotor  coefficients  presented  therein. 

For  each  rotor  and  each  test  condition,  the  rotor  rotational 
speed  and  tunnel  conditions  (speed,  Freon  purity,  and  pressure) 
were  adjusted  to  maintain  constant  values  of  rotor  advance 
ratio  and  advancing-tip  Mach  number.  At  each  test  condition, 
the  rotor-shaft  angle  (fuselage-body  attitude)  was  increment- 
ally  varied.  For  each  shaft  angle,  rotor  lift  (collective 
pitch)  was  varied  incrementally  to  map  the  test  envelope.  The 
rotor  cyclic  pitch  was  adjusted  to  minimize  the  first-harmonic 
flapping  with  respect  to  the  rotor  shaft,  and  data  were  re¬ 
corded  at  each  combination  of  shaft  angle  and  rotor  lift.  The 
maximum  lift  obtained  at  each  condition  was  limited  by  one 
or  more  of  the  following  restraints:  rotor  stall,  excessive 
loads,  excessive  vibration,  maximum  cyclic  pitch,  available 
rotor  power,  or  maximum  motor  temperature.  In  most  all  cases, 
the  motor  power  or  temperature  limit  was  reached  first. 

At  each  test  condition  (advance  ratio  and  advancing-tip  Mach 
number  combination),  the  rapid  cyclic  control  input  was 
applied  at  two  lift  values  at  a  shaft  angle  of  -5  degrees. 
Transient  rotor  data  were  recorded  for  each  cyclic  input. 
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TEST  PROGRAM 


The  test  program  was  arranged  to  map  combinations  of  advance 
ratio  and  advancing-tip  Mach  number  covering  the  operating 
range  of  present-day  helicopters  up  to  that  of  future  high¬ 
speed  helicopters.  Combinations  tested  are  defined  under 
Test  Results  (see  Figure  13).  The  use  of  Freon  as  a  test 
medium  allows  higher  combinations  of  advance  ratio  and 
advancing-tip  Mach  number  than  are  easily  attainable  in  con¬ 
ventional  air  tunnels.  The  test  as  conducted  was  designed  to 
provide  data  that  were  comparable  to  existing  full-scale 
tunnel  data  and  full-scale  flight  test  data. 

Two  rotors  were  tested,  -10-degree  twist  and  0-degree  twist. 

The  third  rotor  (-5-degree  twist)  was  not  tested  in  order  to 
permit  more  time  to  be  devoted  to  testing  the  other  two  rotors. 

The  -10-degree  twist  rotor  was  tested  at  an  advance  ratio  of 
0.30  for  adyancing-tip  Mach  numbers  varying  from  0.72  to  0.96. 
These  test  conditions  were  repeated  for  the  0-degree  twist 
rotor  to  permit  an  evaluation  of  twist  effects.  The  0-degree 
twist  rotor  was  tested  at  advance  ratios  varying  from  0.30  to 
0.83  and  advancing-tip  Mach  numbers  from  0.47  to  0.96.  Due 
to  the  many  variables  associated  with  testing  in  Freon  (tem¬ 
perature,  pressure,  purity,  and  velocity),  exact  duplication 
of  the  conditions  was  impracticable. 
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TEST  RESULTS 


The  model  teat  reauLts  are  discussed  under  two  categories  in 
this  report.  The  first  category  discussed  is  the  aerodynamic 
data  which  cover  the  rotor  aerodynamic  characteristics  and 
performance.  The  dynamic  category  presents  the  rotor  loads  and 
dynamic  response  characteristics.  Figure  13  shows  the  advance 
ratio  and  advancing-tip  Mach  number  combinations  that  were 
tested . 

AERODYNAMIC  TEST  RESULTS 


Method  of  Presentation 

The  model  performance  r<ata  obtained  for  several  conditions  shown 
in  Figure  13  have  been  graphed  and  crossplot  ted  to  show  rotor 
power  variation  as  a  function  of  advance  ratio  and  advancing- 
tip  Mach  number.  Full-scale  wind-tunnel  rotor  data  and  theo¬ 
retical  performance  are  also  included  for  comparison.  This 
method  of  presentation  shows  rotor  behavior  trends  with  varying 
advance  ratio  at  constant  advancing-tip  Mach  number  and  at  con¬ 
stant  advance  ratio  with  varying  Mach  number. 


It  was  desirable  to  present  the  performance  in  coefficient 
form  for  comparison  purposes.  However,  to  obtain  the  horse¬ 
power  required  from  a  standard  torque  coefficient  over  solidity, 
Cg/ar ,  it  is  necessary  to  multiply  Cg/fcrby  a  different  dimension- 
alizing  factor  at  each  rpm.  For  this  reason,  a  new  factor 
[  M(i.o,90.)/l  +  A'PCq/o-  is  used  since  it  is  directly  proportion¬ 
al  to  horsepower  per  square  foot  of  rotor  blade  area.  When 
the  power  variation  is  graphed  in  this  form  versus  advance 
ratio  or  Mach  number,  a  given  ordinate  increment  represents  a 
constant  horsepower  difference  for  any  M-M(]_.o,9O0  combination. 

Theoretical  Performance  Method 


Classical  blade-element  strip  theory  is  used  in  calculating 
the  model  rotor  performance.  It  embodies  a  rigid  blade  opera¬ 
ting  in  a  quasi-steady,  two-dimensional  flow  field.  In  this 
method,  airfoil  pitching  and  plunging  velocities  are  assumed 
to  have  no  influence  on  the  aerodynamic  force  coefficients 
which  are  therefore  taken  from  static  two-dimensional  data. 
Further,  in  calculating  blade-element  angle  of  attack,  the 
wake-induced  inflow  is  replaced  by  a  uniform  distribution, 
and  spanwise-f low  effects,  due  to  advance  ratio  and  the  vortex 
field,  are  neglected. 

Additional  calculations  have  been  made  for  the  Freon  model  data 
under  another  contract  to  determine  the  effects  of  nonuniform 
inflow  and  local  unsteady  aerodynamics.  The  results  of  these 
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calculations  will  be  compared  with  the  Freon  model  performance 
and  published  in  a  later  report. 

Section  aerodynamic  characteristics  (c^  and  cd)  for  the  theo¬ 
retical  performance  method  are  taken  from  two-dimensional  wind- 
tunnel  tests  (in  air)  of  the  Bell  540  airfoil  section  defined 
in  Table  II.  These  tests  provide  data  at  Mach  numbers  from  0.30 
to  0.80  at  corresponding  Reynolds  numbers  from  3  to  6  million. 

Airfoil  properties  outside  the  range  of  data  available  have 
been  estimated  from  NACA  0012  airfoil  data.  In  some  instances 
0012  data  were  used  directly.  The  curves  above  stall  for  all 
Mach  numbers  are  faired  into  0012  data,  extending  the  angle- 
of -attack  range  to  30  degrees.  A  0.10  Mach  number  0012  curve 
is  used  to  provide  a  180-degree  angle-of -attack  range.  Approx¬ 
imate  curves  for  0.20  and  0.90  Mach  numbers  have  been  estimated 
from  corresponding  0012  curves. 

The  basic  theoretical  method,  using  NACA  0012  airfoil  data, 
has  been  correlated  with  full-scale  (two-bladed,  semirigid) 
rotor  wind-tunnel  performance  at  various  advancing-tip  Mach 
number  and  advance  ratio  conditions  (see  References  2  and  3). 

In  general,  below  rotor  stall  the  theory  predicts  Mach  number 
effects  well  (see  Reference  2).  However,  Reference  3  indi¬ 
cates  that  at  low  Mach  number  and  high  advance  ratio  0**0. 40 
M(1 . 0 ,903  —  0.50)  conditions,  it  gives  larger  propulsive  force 
values  than  test  results  show. 

Performance  Comparisons 

Comparisons  of  Freon  model  data  with  full-scale  wind-tunnel 
rotor  data  are  made  to  determine  if  the  Freon  model  performance 
represents  full-scale  behavior.  Full-scale  540  rotor  wind- 
tunnel  data  are  unavailable;  therefore,  the  comparisons  are 
made  using  data  from  rotors  that  are  not  geometrically  similar. 
The  -10-degree  twist  and  0-degree  twist  rotors  are  compared, 
respectively,  with  standard  UH-1D  and  modified  UH-1B  rotors. 
(Geometric  differences  between  the  rotor  systems  are  illus¬ 
trated  in  Table  VI.)  Due  to  differences  in  rotor  geometry, 
the  comparisons  are  intended  only  to  show  if  the  model  and 
full-scale  rotors  exhibit  the  same  performance  trends. 

Analytical  performance  calculations  are  also  correlated  with 
the  test  results  to  determine  the  ability  to  predict  small- 
scale  performance.  These  results  can  be  compared  directly 
to  the  Freon  data  since  all  calculations  were  made  using  the 
reduced  scale  geometry  and  Freon  atmospheric  properties. 

Both  Freon  and  theoretical  performance  are  presented  and  com¬ 
pared  with  the  full-scale  rotor  data  on  a  "full-size"  basis. 
Thus,  Freon  and  theory  coefficients  are  assumed  to  be  valid  for 
a  full-scale  version  of  the  model  rotor  operating  in  a  standard 
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air  atmosphere.  All  dimensional  values  obtained  from  these 
coefficients  use  the  standard  air  density,  speed  of  sound  in 
air,  and  the  full-scale  blade  area.  For  these  conditions,  an 
ordinate  increment,  A[M(ifo,90^A+  Cg/cr  =  0. 001,  corresponds 
(approximately)  to  a  a  ix-horsepower-per-square-foot  of  blade 
area  power  increment  for  the  three  sets  of  data. 


TABLE  VI.  COMPARISON 

OF  ROTOR  GEOMETRIES 

Twisted  Freon 

UH-1D* 

Untwisted 

UH-1B  Modified* 

Parameters 

Rotor 

Rotor 

Freon  Rotor 

Rotor 

Twist 

-10  deg 

•10.9  deg 

0  deg 

-1.83  deg 

Solidity 

0.0651 

0.0464 

0.0651 

0.0506 

Full-Scale 
Blade  Area 

99  ft2 

84  ft2 

99  ft2 

77  ft* 

Airfoil 

Section 

0009.3  mod 

NACA  0012 

0009.3  mod 

NACA  0012 

(see  Table  11) 

NACA  0006  tiF 

NACA  0006  mod  tip 

*  UH-1D  and  UH-1B  data  are  taken 

from  References  2  and  3. 

-10-Degree 

Twist  Rotor 

The  -10-degree  twist  Freon  rotor  performance  is  shown  in  Figure 
14  with  full-scale  UH-1D  and  theory  comparisons.  An  analysis 
of  the  experimental  results  will  be  given  first,  followed  by 
the  theoretical  comparisons.  The  data  are  presented  at  0.30 
advance  ratio  using  the  advancing-tip  Mach  number  as  the  pri¬ 
mary  variable.  Solidity  corrections  were  applied,  using  the 
method  of  Reference  4,  to  reduce  both  model  and  theoretical 
results  to  the  solidity  base  of  the  UH-1D. 

In  all  cases  where  sufficient  data  are  available,  the  experi¬ 
mental  comparisons  indicate  a  crossover  point  occurring 
between  0.80  and  0.90  Mach  number.  Above  this  point,  the  model 
power  requirements  are  lower  (by  approximately  two -horse  power- 
per-square-foot  at  M(i  o,  90.)  =  0.95)  than  those  of  the  UH-1D 
rotor,  while  the  opposite  is  true  at  the  low  Mach  conditions. 

This  behavior  may  be  attributed  to  thickness  ratio  differences 
between  profile  sections  of  the  two  rotors  (see  Table  VI). 
Figure  15  compares  the  model  and  UH-1D  results  with  thin-tip 
UH-1D  performance.  The  thin-tip  rotor  is  a  standard  UH-1D 
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rotor  having  a  Linear  thickness  taper,  from  L2-percent  to  6-per 
cent  thickness,  over  the  last  20  percent  of  the  radius.  By 
varying  the  thickness  ratio  at  the  tip,  a  substantial  power 
saving  over  standard  blade  performance  is  shown  between 
m(1.0,90.)  =  0.85  and  0.95.  However,  the  taper  penalizes  per¬ 
formance  at  lower  Mach  numbers.  The  thickness  ratio  of  the 
Freon  rotor  (9.30  percent)  is  smaller  than  the  UH-1D  rotor,  but 
it  is  not  tapered.  Despite  these  differences, the  model  shows 
Mach  number  trends  similar  to  the  thin-tip  rotor. 

Classical  rotor  theory  calculations  to  match  the  -10-degree 
twist  Freon  performance  are  shown  in  Figure  14.  The  calcu¬ 
lated  power  generally  correlates  within  60  horsepower  of  the 
actual  performance  except  above  0.90  tip  Mach  number.  At  these 
Mach  numbers,  theory  considerably  overestimates  the  required 
power.  The  differences  may  be  caused  by  the  use  of  NACA  0012 
airfoil  data  above  0.80  local  Mach  number  where  540  airfoil 
data  were  not  available.  This  is  examined  again  for  the 
0-degree  twist  rotor. 

0-Degree  Twist  Rotor 

The  0-degree  twist  rotor  data  and  theoretical  calculations  are 
shown  in  Figures  16  and  17  as  functions  of  advance  ratio  and 
advancing-tip  Mach  number,  respectively.  Full-scale  wind- 
tunnel  performance  of  a  modified  UH-LB  rotor  (see  Reference  3) 
is  superimposed  on  the  figures  as  a  standard  of  comparison. 

The  airfoils  of  both  model  and  full-scale  blades  are  linearly 
tapered  in  thickness,  beginning  approximately  at  the  80-percent 
radius  station  and  extending  to  the  tip.  Airfoil  data  in  the 
calculations  were  not  available  for  the  tapered  portion  of  the 
rotor.  However,  the  improved  supercritical  Mach  number  per¬ 
formance  of  the  thinner  sections  is  accounted  for  by  increasing 
the  local  drag  divergence  Mach  number  as  a  function  of  the 
thickness  ratio.  (The  method  is  shown  in  Figure  18  of  Refer¬ 
ence  2.)  Corrections  to  the  test  data  for  solidity  differences 
(see  Table  VI)  were  found  to  be  small  and  were  not  applied  in 
this  instance. 

Advance  Ratio  Trends 


Comparison  of  the  model  and  full-scale  experimental  performance 
with  varying  advance  ratio  is  shown  in  Figure  16.  For  unknown 
reasons,  the  model  test  data  appear  to  show  erratic  behavior 
at  0.34  and  0.36  advance  ratios  for  0.80  and  0.90  Mach  numbers 
respectively.  The  model  data  curves  for  0.85  and  0.95  Mach 
numbers  appear  to  be  much  smoother;  however,  at  these  Mach 
numbers ,  no  data  were  taken  near  0.35  advance  ratio  and  the 
faired  curve  may  be  misleading.  Insufficient  full-scale  data 
are  available  to  verify  this  trend.  It  should  be  noted  that 
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on  Figures  16  and  17,  for  various  conditions,  only  one  full- 
scale  data  point  is  available,  as  indicated  by  the  absence  of 
the  large  dashed  line.  Where  only  a  single  full-scale  data 
point  is  available,  that  point  is  indicated  by  a  symbol.  Like¬ 
wise,  where  only  a  single  theoretical  point  could  be  obtained, 
due  to  analytical  rotor  stall,  that  point  is  indicated  by  a 
symbol. 

Despite  irregularities  in  the  Freon  data,  this  model  and  full- 
scale  performance  show  reasonable  agreement.  Generally,  the 
model  performance  lies  above  the  full-scale  data  except  at 
higher  advance  ratios  where  the  Freon  data  levels  off.  More 
full-scale  data  would  be  required  to  show  any  significant 
differences  in  the  high  advance  ratio  trends.  Since  the  model 
rotor  has  29  percent  more  solidity  than  the  full-scale  rotor, 
it  will  have  (on  a  full-size  basis)  a  correspondingly  larger 
horsepower  requirement  at  points  where  the  curves  intersect. 
Similarly,  the  force  values  represented  by  the  lift  and  drag 
coefficients  will  be  higher  for  the  model  rotor. 

Calculation  of  the  Freon  model  performance  using  n  uniform  inflow 
theory  is  shown  by  the  small-dashed  lines  in  Figure  16.  The 
theory  was  calculated  only  at  the  Mach  number  and  advance  ratio 
conditions  where  model  data  were  taken.  The  resulting  curves 
do  not  indicate  the  erratic  behavior  shown  by  the  data. 

Theoretical  advance  ratio  trends  at  0.80,  0.85,  and  0.90  Mach 
numbers  for  the  lowest  lift  values  show  that  theory  under¬ 
estimates  high  advance  ratio  power  requirements  (jj»0.45). 
Test-theory  comparisons  in  References  3  and  7  also  reveal 
this  behavior,  pie  data  of  Reference  3  were  obtained  at  low 
tlp-Mach  numbers  CM(  1 . 0 , 900  SCO  and  show  small  horsepower 

differences.  Since  small  differences  could  be  attributed  to 
error,  it  was  uncertain  that  these  trends  would  exist  at  higher 
Mach  numbers.  However,  the  differences  at  higher  Mach  numbers 
are  significant.  For  example,  at  0.55  advance  ratio  and  0.85 
Mach  number,  the  model  power  required  corrected  to  full-scale 
magnitude  is  approximately  238  more  horsepower  than  theory 
predicts  for  Ci/<r  =  0.04  and  Cq/<t  *  0.00. 

Theory  predictions  at  higher  lift  values  do  not  show  under¬ 
estimation  at  high  advance  ratios  because  of  rotor  stall.  The 
0.80  Mach  number  comparisons  for  Ci/<r  s  C.08  indicate  that  theory 
has  stalled  between  0.30  and  0.34  advonce  ratio, while  the  data 
remain  unstalled  to  approximately  0.45  advance  ratio.  It  will 
be  shown  later  that  theory  stalls  at  lift  coefficients  much 
below  the  model  experimental  values. 

Theoretical  advance  ratio  trends  at  0.95  Mach  number  are  similar 
to  those  at  lower  Mach  numbers,  but  the  curves  lie  well  above 
the  model  data.  This  behavior  will  be  examined  in  the  Mach 
number  trend  section. 
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Mach  Number  Trends 


The  display  of  power  requirements  as  a  function  of  advancing- 
tip  Mach  number  is  presented  in  Figure  17.  This  figure  is 
the  result  of  crossplotting  the  data  of  Figure  16  at  advance 
ratios  of  0.31,  0.36,  0.41,  and  0.45. 

Only  the  0.36  and  0.41  advance  ratio  cases  have  enough  full- 
scale  data  to  show  comparative  trend.  The  Freon  data  again 
show  irregular  curves,  and  it  is  believed  that  the  0.80  and 
0.90  Mach  number  values  are  high  at  0.36  advance  ratio.  Full- 
scale  data  at  0.41  advance  ratio  are  available  to  0.95  Mach 
number  for  the  lowest  lift.  No  significant  differences  be¬ 
tween  the  model  and  full-scale  high  Mach  number  performance 
trends  are  shown  in  this  case.  It  is  interesting  to  note  that 
despite  the  difference  in  their  thickness  ratios,  which  extends 
over  80  percent  of  the  radius,  the  comparisons  do  not  show  a 
significant  thickness  ratio  effect.  Unlike  the  -10-degree 
twist  rotors  compared  in  Figure  15,  both  model  and  full-scale 
rotors  have  similarly  tapered-thickness  tips  and  equal  thick¬ 
ness  ratios  at  the  tip.  Therefore,  the  thickness  ratio  at 
the  tip  stations  appears  to  be  the  important  factor  causing 
the  differences  in  Figure  15. 

Theoretical  model  performance  at  low  advance  ratios  shows 
reasonable  agreement  with  the  test  data  below  0.90  Mach  number. 
At  0.31  advance  ratio  and  0.95  Mach  number,  it  considerably 
overestimates  the  power  required.  Since  the  Freon  calculations 
use  NACA  0012  airfoil  data  above  0.80  local  Mach  numbers, 
a  comparison  with  theoretical  UH-lB(modif ied )  rotor  performance 
was  made  to  determine  if  this  airfoil  data  might  cause  the  high 
Mach  number  differences.  Figure  18  shows  that  the  full-scale 
rotor  theory  predicts  less  power  at  0.95  Mach  number  than  is 
calculated  for  the  model  rotor.  In  both  instances,  NACA  0012 
airfoil  data  are  used,  indicating  that  the  behavior  is  not 
caused  by  improper  airfoil  data.  Twist  differences  were 
also  considered,  but  Figure  18  shows  that  the  effects  are 
small.  Due  to  the  differences  in  test  media,  the  possibility 
exists  that  supercritical  flow  may  have  less  severe  effects  on 
a  rotating  airfoil  operating  in  Freon  than  it  does  in  air. 

To  answer  this  question  it  will  be  necessary  to  test  a  Freon 
node!  rotor  having  ar  NACA  0012  or  other  airfoil  whose  charact¬ 
eristics  are  well  known. 

The  Mach  number  curves  at  higher  advance  ratios  show  trends 
similar  to  those  at  lower  advance  ratios.  As  the  advance  ratio 
is  increased,  the  theory  curves  shift  downward  with  respect  to 
the  data,  giving  an  appearance  of  better  agreement  at  higher 
Mach  numbers. 
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Test-Theory  Comparison  at  n  =  0.44,  M(i.0,90.)  =  0,77 


A  broader  comparison  of  model  and  theoretical  performance 
including  control  positions  is  presented  in  Figure  19  for 
0.44  advance  ratio  and  0.77  advanc ing-tip  Mach  number.  These 
conditions  were  chosen  so  that  dependence  on  high  Mach  number 
NACA  0012  airfoil  data  would  be  eliminated  from  the  calcula¬ 
tions,  thereby  allowing  a  better  representation  of  high 
advance  ratio  test-theory  correlation. 

In  Figure  19(a),  theoretically  calculated  performance  has  been 
superimposed  upon  a  graph  of  the  experimental  data  showing 
the  variation  of  lift  coefficient  with  control  axis  angle 
of  attack  for  various  control  positions.  The  lines  having 
symbols  indicate  experimental  Freon  data  measured  at  con¬ 
stant  shaft  angles.  Since  collective  pitch  was  not  varied 
in  even  increments  during  the  test,  the  pitch  lines  shown 
are  crossplotted  from  other  graphs. 

Generally,  the  theoretical  and  experimental  shaft  angle  lines 
correlate  to  within  a  1-degree  control  plane,  ac,  increment 
of  each  other.  At  low  shaft  angles  for  a  given  act  the 
theory  shows  higher  lift  coefficients  than  the  test  data, 
but  the  trend  is  reversed  above  as  =  -10  degrees.  Correlation 
of  the  three -quarter- radius  collective  pitch  shows  similar 
agreement.  However,  at  low  pitch  values,  theory  underesti¬ 
mates  the  lift  for  a  given  6».75r  and  ac.  Above  0.75R  =  10 
degrees,  the  test-theory  agreement  is  very  close. 

The  major  problem  encountered  in  calculating  the  model  perform¬ 
ance  is  the  prediction  of  rotor  stall.  Figure  19(a)  shows  that 
the  theoretical  maximum  lift  coefficients  at  stall  occur  far 
below  the  test  data.  Further,  the  character  of  the  theoretical 
stall  break  is  muc..  more  abrupt  than  the  gradual  behavior  of 
the  model  data.  This  behavior  haw  been  shown  before  (Refer¬ 
ence  3)  and  is  characteristic  of  an  analysis  that  does  not 
consider  unsteady  aerodynamic  effects. 

A  comparison  of  the  test  and  calculated  performance  at  egual 
resultant  force  coefficients  over  soiidity,(CR/o-)2  =  (c l/oO^  + 
(Cj)/<r)2,  is  presented  in  Figure  19(b).  For  these  //-M  conditions, 
an  increment,  Cq/<t  =  0.001,  represents  approximately  91  horse¬ 
power  on  a  full-scale  version  of  the  model  rotor.  The  test- 
theory  correlation  below  theoretical  stall  is  reasonable. 

However,  the  theory  shows  stall  at  Cq/t  w  -0.003  for  a  Ci/<r  = 
0.06.  This  is  noted  as  a  change  in  slope  of  the  theoretical 
C i/a-  curve  in  Figure  19(b).  For  all  practical  purposes,  the 
entire  theoretical  curve  for  Cj/a-  =  0.07  is  above  stall. 
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DYNAMIC  TEST  RESULTS 


One  of  the  purposes  of  the  Freon  tunnel  tests  of  the  quarter- 
scale  dynamic  model  of  the  Model  540  rotor  system  was  to 
gather  data  for  assessing  the  feasibility  of  obtaining  rotor 
loads  from  such  models. 

During  the  tests,  rotor  and  control  system  forces  and  moments 
were  recorded  at  39  advance  ratio-Mach  number  coordinates, 

Figure  20,  with  u  ranging  from  0.29  to  0.83  and  with  Mach 
number  ranging  from  0.47  to  0.96.  Ten  channels  of  rotor  and 
control  system  instrumentation,  Table  V,  produced  approximately 
7500  data  points,  most  of  which  have  been  reviewed  in  one  or 
more  of  the  following  forms:  peak  loads  read  from  meters  during 
the  tests,  tabulated  average  of  24  cycles  of  one-half  peak-to- 
peak  loads,  Brush  Recorder  strip-out  from  tape,  and  digital 
harmonic -ana lys is .  Detailed  examination  of  this  vast  quantity 
of  data  is  beyond  the  scope  of  the  present  effort;  however,  the 
data  have  been  considered  in  enough  detail  to  determine  major 
trends. 

The  effort  to  establish  the  feasibility  of  using  the  Freon 
tunnel  for  loads  determination  was  based  more  on  trend 
rather  than  on  quantitative-correlation  since  most  of  the  data 
were  recorded  using  the  zero-twist  blades  for  which  there  are 
no  flight -measured  data.  This  paucity  of  flight  data  is 
indicated  in  Figure  20  by  the  dashed  frame  which  contains  all 
of  the  tunnel  data  for  which  corresponding  (-10-degree  twist) 
flight  data  exist.  The  solid  frame  bounds  the  runs  receiving 
moat  attention  and  the  ones  from  which  all  of  the  data  present¬ 
ed  were  taken. 


Where  possible,  the  plotting  follows  the  convention  established 
in  previous  USAAVLABS  reports  dealing  with  the  results  of 
wind-tunnel  loads  tests  of  full-scale  and  model  rotors.  Thi3 
facilitates  comparing  the  present  results  with  those  of 
previous  tests.  Reference  5  is  suitable  for  trend  correlation; 
accordingly,  its  format  is  followed  closely  for  presenting 
moment  trends  produced  by  the  following: 

sweeps  of  a  and  nQ  at  Mq  g  gg  u  coordinates 

variation  of  drag  at  constant  lift  at  M,.  n  on  ^ ’  4 
coordinates 

variation  of  blade  twist/tip  thickness 
sweeps  of  Mq  q  qq  ^  at  constant  p 
sweeps  of  \x  at  constant  M(f.o,90.) 
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Quantitative  comparisons  between  flight-measured,  Freon 
tunnel-measured,  and  calculated  rotor  moments  for  cases 
enclosed  in  the  dashed  frame  in  Figure  20  were  made, and 
sample  data  are  presented.  Finally,  plots  of  transient 
flapping  induced  by  pulsing  the  cyclic  control  system  are 
given  to  indicate  rotor  stability. 

Basic  Data 


Figures  21  and  22  present  rotor  bending  and  twisting  moment 
data  directly  in  terms  of  model  parameters;  that  is,  moments 
are  presented  as  a  function  of  collective  pitch  for  constant 
values  of  shaft  angle,  or  rotor  angle  of  attack  when  flapping 
is  trimmed  to  zero.  These  graphs  are  of  the  same  type  as 
Figure  59  of  Reference  5,  except  for  a  rearrangement 
necessitated  by  the  testing  procedure  used.  In  Reference  5, 
vibratory  stress  is  graphed  as  a  function  of  rotor  angle  of 
attack  for  constant  values  of  collective  pitch. 

This  type  graph  stems  directly  from  the  method  of  recording 
aerodynamic  data  in  the  tunnel,  and  it  is  not  without  value. 
However,  caution  must  be  used  in  interpreting  tunnel  dynamic 
results  and  in  making  loads  and  vibration  extrapolations  to 
flight.  These  points  are  discussed  in  greater  detail  in  a 
later  section. 

Some  merits  of  this  type  graph  are: 

If  made  on-site  at  the  tunnel,  it  would  give  a 
very  good  running  account  of  loads  for  test- 
safety  purposes,  and  it  could  pin-point  areas 
for  special  loads  investigations. 

It  reveals  whether  the  data  are  well  or  badly 
behaved. 

It  gives  an  overview  of  the  total  domain  of  the 
loads  for  a  given  rotor  if  the  test-point  grid 
is  fine  enough  to  reveal  all  significant  dynamic 
and  unsteady  aerodynamic  effects. 

Tunnel  data  tend  to  be  well  behaved.  When  such  data  are  not 
well  behaved,  it  is  usually  because  of  an  instrumentation 
malfunction  or  dynamic  or  unsteady  aerodynamic  phenomena. 
Relatively  little  attention  has  been  given  to  these  phenomena 
because  most  wind-tunnel  tests  of  rotors  have  been  for  aero¬ 
dynamic  performance  purposes  with  rotor  instrumentation  being 
used  primarily  for  test- safety  purposes. 
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A  cursory  1 ->ok  at  Figures  21  and  23  reveals  that  the  data  are 
well  behaved,  with  all  gages  showing  the  general  trends  of  Cl) 
increasing  load  with  increasing  collective  pitch  at  constant 
values  of  shaft  angle  and  (2)  increasing  loads  with  increasing 
shaft  angle  of  attack  for  constant  values  of  collective  pitch. 
The  same  trends  are  shown  in  Figure  59  of  Reference  5.  In 
addition,  the  expected  trend  of  increasing  loads  with  increas¬ 
ing  ft  is  seen  in  comparing  Figures  21  and  22. 

The  Effect  of  Lift  and  Drag  on  Rotor  Oscillatory  Loads 

The  data  of  the  previous  section  are  replotted  here  as  a  func¬ 
tion  of  drag  coefficient  over  solidity  for  constant  values  of 
lift  coefficient  over  solidity  to  reveal  more  clearly  the 
dependence  of  the  loads  on  these  parameters. 

In  Figure  23,  it  is  seen  that  all  loads  vary  uniformly  with 
lift  and  drag.  For  the  flapwise  and  torsional  loads,  the 
dependence  is  primarily  on  lift  since  the  intensity  of  the 
oscillatory  airloads  causing  both  are  predominantly  functions 
of  lift.  The  loads  at  flapwise  station  0.23R  appear  to  be  an 
exception;  however,  the  increase,  with  propulsive  force 
(negative  Cq /tr) ,  shown  is  due  to  increased  coupling  with  the 
inplane  moment  caused  by  the  increase  of  blade  angle  and 
moment  toward  the  root. 

The  chordwise  loads  are  strongly  a  function  of  both  lift  and 
drag.  For  positive  drag  coefficient  over  solidity  values  in 
the  range  0.002  to  0.006,  the  chord  loads  vary  little  with 
increasing  lift  because  of  the  low  collective  and  cyclic  pitch 
values  used  near  autorotation.  The  increase  in  loads  with  pro¬ 
pulsive  force  and  the  increased  sensitivity  to  lift  in  the 
propulsive  force  domain  are  due  to  both  increased  oscillatory 
airloads  and  an  increase  in  response  amplification  associated 
with  the  downward  shift  of  the  first  chordwise  mode  toward  one- 
per-rev  and  the  upward  shift  of  the  first  asymmetric  flapwise 
mode  toward  three-per-rev. 

The  trends  shown  in  Figure  23  are  similar  to  those  of  Figure 
24  with  the  exception  of  the  tendency  of  the  flapwise  and 
torsional  moments  to  peak  and  fall  off  as  propulsive  force 
increases.  The  reason  for  this  is  not  known. 

The  loads  data  of  these  figures  show  good  overall  trends  for 
one-half  peak-to-peak  data  plotted  versus  lift  coefficient  over 
solidity  and  drag  coefficient  over  solidity.  A  full  explana¬ 
tion  of  the  curve  characteristics  would  require  a  much  closer 
look  at  the  harmonic  content  of  the  waveform. 
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The  above  trends  are  corroborated  by  the  results  of  the  high 
performance  helicopter  research  studies,  such  as  References  6, 
7,  and  8,  which  show  reduction  in  flapwise  and  chordwise  loads 
by  unloading  the  rotor  of  both  lift  and  propulsive  force.  In 
addition,  the  full-scale  rotor  tests  of  Reference  5,  Figure  86, 
for  p  ■  0.40  and  M(i.o  90.)  =  0.83  show  similar  trends  with  the 
exception  that  flapwise  loads  for  that  rotor  are  more  drag 
dependent . 

The  Combined  Effect  of  Twist  and  Tip  Thickness  on  Rotor 
Oscillatory  Loads _ 

A  considerable  amount  of  data  are  presented  in  Reference  5 
comparing  the  oscillatory  stress  values  for  blade  twists  of 
-8  and  0-degrees.  For  the  Freon  tunnel  tests,  a  comparison 
of  twist  alone  cannot  be  made  since  both  tip  thickness  and 
twist  were  changed  in  going  from  the  standard-tip,  -10-degree 
twist  blades  to  the  thin-tip,  0-degree  twist  blades.  However, 
it  is  believed  that  a  useful  trend  comparison  can  be  made. 

Figure  25,  showing  the  combined  effect  of  tip  thickness  and 
twist  on  flapwise  moments  at  n  =  0.30  and  Mm  0,90.)  =  0.72, 
can  be  compared  with  Figure  67  of  Reference  5 1  'plots  are 
presented  showing  flapwise  moments  as  a  function  of  lift 
and  drag  for  three  radial  stations.  Comparison  shows  that 
the  trends  of  Figure  25  match  the  trends  of  Reference  5  very 
closely,  demonstrating  clearly  the  first-order  reduction  in 
flapwise  loads  over  the  mid -port ion  of  the  blade. 

As  discussed  in  Reference  5,  this  reduction  probably  results 
from  a  reduction  of  an  impulsive  loading  whose  shape  favors 
excitation  of  the  first  pinned  mode  of  the  hinged  blade  and 
the  first  asymmetric  mode  of  the  teetering  rotor.  The  excita¬ 
tion  results  from  negative  lift  at  the  tip  of  the  advancing 
blade  and  at  the  root  of  the  retreating  blade  in  the  reversed 
flow  region.  Reduction  of  twist  delays  the  development  of 
this  pattern  of  excitation  probably  by  making  the  blade  angle 
more  positive  in  both  of  these  regions. 

Figure  26  presents  similar  data  at  the  same  advance  ratio 
but  at  a  higher  Mach  number,  90.)  =  0*96.  The  presen¬ 

tation  is  the  same  as  for  Figure* 2$,  6ut  instead  of  three 
radial  stations,  one  each  of  flapwise,  chordwise,  and  torsion 
at  radial  station  0.45R  is  presented. 

The  principal  result--a  first-order  reduction  in  loads  with 
reduced  twist--is  shown  for  flapwise,  chordwise,  and  torsion. 
This  deviates  somewhat  from  the  results  of  Reference  5  which 
show  considerably  less  effect  for  chordwise  and  torsional 
loads.  This  difference  is  possibly  associated  with  the 
beneficial  effect  of  thin  tips  at  the  higher  Mach  numbers. 


23 


The  Effect  of  Advancing -Tip  Mach  Number  on  Oscillatory  Rotor 
iMoments 


Figure  27  is  taken  from  Reference  5  and  is  typical  of  a  large 
amount  of  data  presented  to  show  the  effect  of  advancing-tip 
Mach  number  on  blade  stresses.  Almost  all  of  the  plots  showed 
this  "U-shaped"  characteristic  of  high  loads  at  low  and  high 
Mach  numbers  which  was  reasonably  attributed  to  stall  at  the 
low  Mach  numbers  and  compressibility  at  the  high  Mach  numbers. 
Attempts  to  plot  the  Freon  tunnel  data  1 n  the  same  way  for  a 
direct  comparison  produced  badly  behaved  plots.  Other  methods 
of  plotting,  such  as  a  Mach  number  sweep  at  constant  rotor 
angle  of  attack,  showed  well-behaved  plots  in  which  loads 
continued  to  decrease  with  increasing  Mach  number  for  moderate 
to  high  lift  values.  A  modification  of  the  plot  of  Reference  5 
reveals  a  clearer  picture  of  the  variation  in  loads  with  Mach 
number. 

In  Figure  28,  blade  loads  are  plotted  as  a  function  of  drag 
for  one  value  of  disc  loading  at  several  values  of  Mach  number. 
Figure  28(a),  for  a  disc  loading  of  1  lb/f t2 ,  shows  relatively 
little  variation  in  moment  with  Mach  number  in  any  drag  plane. 
Figure  28(b),  at  a  disc  loading  of  2  lb/ft2,  shows  considerable 
variation  with  Mach  number  in  each  drag  plane,  with  the  loads 
also  varying  considerably  from  one  drag  plane  co  another.  The 
strong  peak  is  due  to  three-per-rev  resonance  of  the  first 
f lapwiae  asymmetric  mode ,  which  is  passed  through  as  rpm  and 
collective  pitch  vary  in  holding  a  constant  n  and  disc  loading 
while  sweeping  Mach  number.  Finally,  Figure  28(c),  at  a  disc 
loading  of  4  lb/ft2,  shows  what  is  likely  a  general  up  lift¬ 
ing  of  the  previous  surface  associated  with  increased  oscilla¬ 
tory  force  amplitude,  which  may  indicate  stall  at  low  rpm 
and  high  collective  pitch.  However,  even  this  surface  shows 
decreasing  loads  at  the  highest  Mach  numbers  tested. 

In  no  case  examined  was  the  characteristic  "U-shaped"  curve 
of  Reference  5  revealed.  The  indications  of  stall  are  obscur¬ 
ed  at  low  Mach  numbers  by  a  rotor  three-per-rev  resonance  in 
Figure  29(b);  however,  the  lift  surface  for  4  lb/ft2,  Figure 
28(c),  shows  either  or  both  stall  and  dynamic  amplification. 

It  appears  that  the  increase  in  loads  at  high  Mach  numbers 
is  absent  through  M(i.o,90.)  =  0.95.  This  result  is  in 
agreement  with  the  results  of  tests  of  a  48-foot  UH-1D  rotor 
in  the  Ames  40  by  80-foot  tunnel  which  show  relatively  little 
increase  in  loads  below  M(i.o,90.)  =  0.95. 

This  example  shows  the  caution  which  must  be  exercised  in 
interpreting  rotor  loads  data  plotted  in  terms  of  advance  ratio, 
Mach  number,  Cl,  and  Cd-  In  many  cases  the  primary  variables, 
rpm,  collective  pitch,  cyclic  pitch,  pylon  angle  of  attack,  and 
flapping,  are  of  more  direct  importance.  In  the  present  case, 
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collective  pitch  and  rpm  are  dominant  because  of  their  direct 
relation  to  the  rotor  natural  frequency  spectrum. 

The  Effect  of  Advance  Ratio  on  Rotor  Oscillatory  Moments 

The  effect  of  advance  ratio  on  flapwise,  chordwise,  and  tor¬ 
sional  oscillatory  moments  at  radial  station  0.45R  is  shown 
in  Figure  29.  Oscillatory  moment  is  presented  as  a  function 
of  m  over  the  range  0.30  to  0.54  for  three  values  of  disc 
loading  and  three  values  of  drag. 

The  flapwise,  chordwise,  and  torsional  moments  show  similar 
trends  of  increasing  with  ^ ,  lift,  and  propulsive  force,  with 
the  upward  break  in  loads  occurring  at  lower  ji's  for  increasing 
lift.  The  flapwise  and  torsional  moment  behavior  is  similar, 
showing  a  rather  gradual  increase  with  ^ .  The  chord  moments 
show  significantly  larger  gradients  with  lift,  drag,  and  advance 
ratio.  These  trends  are  all  in  close  agreement  with  the  results 
of  the  Bell-AVLABS  High  Performance  Helicopter  flight  research 
programs  reported  in  Reference  7. 

Comparison  of  Flight -Measured,  Freon  Tunnel-Measured,  and 
Calculated  Rotor  Loads  _ 


Comparisons  were  made  between  flapwise  and  chordwise  moments 
obtained  by  calculation,  by  measurement  of  the  quarter-scale 
model  in  Freon,  and  by  measurement  of  a  full-scale  UH-1B  in 
flight.  The  Freon  tunnel  tests  in  which  comparable  data  were 
recorded  are  shown  in  the  dashed  frame  of  Figure  20.  Flight 
test  data  were  obtained  from  the  load  level  survey  of  the 
UH-1B  with  the  Model  540  rotor,  Reference  9. 

Comparisons  were  made  for  several  closely  corresponding  test 
conditions, and  the  bending  moment  correlation  was  about  the 
same  in  each  case.  The  flight  and  tunnel  conditions  for  the 
comparison  presented  are  given  in  Table  VII.  Calculations 
were  made  for  the  free  flight  case. 


TABLE  VII.  PRINCIPAL  FLIGHT  PARAMETERS  FOR  LOADS  COMPARISON 
BETWEEN  FULL-SCALE  FLIGHT  TEST  AND  QUARTER-SCALE 
FREON  TUNNEL  TESTS  OF  THE  MODEL  540  ROTOR 

M(1.0,90.) 

CL/a 

CD/ o 

Degrees 

ac 

Degrees 

Flight 

.89 

.29 

.068 

.0084 

19.9 

-17.6 

Tunnel 

.92 

.30 

.066 

.0120 

15.9 

-16.0 

Flight : 

Tunnel: 

UH-1B  Serial  Number 

Data  Point  216 

63-8636,  Flight  98B,  Record  No.  354 
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Sample  bending  moment  data  are  presented  in  Figures  30  and  31, 
which  show  waveforms  and  harmonic  content,  respectively. 

In  Figure  30(a)  are  shown  calculated,  flight-measured,  and 
Freon  tunnel-measured  waveforms  of  flapwise  bending  moments 
at  four  spanwise  stations.  The  plots  show  fair  to  good  agree¬ 
ment  in  overall  amplitude,  with  the  greatest  discrepancy  occur¬ 
ring  at  the  most  inboard  station.  A  comparison  of  the  overall 
amplitudes  and  the  amplitudes  of  the  first  three  harmonics  of 
these  waveforms  is  made  in  Figure  31(a).  A  cursory  look  at 
these  plots  reveals  a  reasonably  good  distribution  of  harmonic 
amplitudes;  however,  there  is  a  significant  percentage  varia¬ 
tion  between  the  amplitudes  of  corresponding  harmonics. 

In  Figure  30(b),  a  comparison  is  made  between  chordwise  wave¬ 
forms  at  three  radial  stations.  The  agreement  in  overall 
amplitudes  is  fair  to  good;  however,  as  in  the  flapwise  case, 
there  is  some  difference  in  the  harmonic  content.  The  ampli¬ 
tudes  of  the  overall  waves  and  the  first  three  harmonics  are 
compared  in  Figure  31(b).  Again,  a  fair  distribution  of 
harmonics  is  shown  with  considerable  percentage  variation  in 
amplitude  between  corresponding  harmonics.  The  free-f light 
and  calculated  values  agree  fairly  well,  while  significant 
deviation  is  noted  for  the  model  case. 

An  overall  assessment  of  these  figures  shows  that  the  compari¬ 
son  between  calculated  and  flight -measured  bending  moments  is 
reasonably  good  except  for  the  flapwise  moment  at  station  0.05R. 
The  tunnel  measured  moments  agree  reasonably  well  with  theory 
except  for  the  flapwise  moments  at  station  0.05R  and  the  chord- 
wise  moments  at  stations  0.03R  and  0.45R.  Probably  the  largest 
source  of  error  is  associated  with  the  vertical  and  in-plane 
hub  impedances  which  are  difficult  to  quantify  for  both  the 
model  and  the  analysis. 

The  lack  of  definition  of  hub  impedance  and  other  factors 
discussed  later  renders  the  above  comparison  inconclusive 
regarding  the  feasibility  of  using  a  dynamic  model  in  the 
Freon  tunnel  to  determine  full-scale  rotor  loads. 

Rotor  Stability 

Rotor  stability  was  assessed  during  each  collective-pitch  sweep 
at  mid-  and  high-pitch  settings  by  transiently  exciting  flap¬ 
ping  with  a  1-degree  step  input  in  cyclic  pitch  and  observing 
the  resulting  motion.  Figures  32,  33,  and  34  present  samples 
of  flapping  and  loads  transients  for  n  values  of  0.30,  0.49, 
and  0.72.  Following  excitation,  the  flapping  assumes  a  new 
stable  position  within  a  fraction  of  a  rotor  cycle.  In  no 
case  did  the  rotor  exhibit  marginal  stability. 
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Discussion  of  Results 


The  principal  objective  of  the  loads  study  was  to  establish 
the  feasibility  of  using  a  dynamically  scaled  model  in  the 
Freon  tunnel  for  determining  full-scale  rotor  loads  in  free 
flight.  Trend  comparisons  with  published  data  and  general 
experience,  comparison  of  calculated  and  measured  loads,  and 
the  visual  assessment  of  a  large  amount  of  the  Freon  tunnel 
data  lead  to  the  judgment  that  it  is  feasible  to  determine 
full-scale,  free-f light  loads  with  a  dynamically  scaled  rotor 
in  the  Freon  tunnel. 

The  above  is  the  strongest  statement  that  can  be  made  in  view 
of  several  basic  problem  areas  which  were  defined  in  the 
course  of  this  effort.  These  problems  have  more  to  do  with 
the  concepts  and  methods  for  dynamics  testing  than  with  the 
Freon  medium  itself.  It  would  have  been  desirable  to  have 
resolved  these  problems  before  executing  the  subject  tests. 
This  may  have  been  possible  within  the  available  state  of  the 
art;  however,  even  recent  published  literature  reveals  a 
gereral  lack  of  appreciation  of  these  fundamentals.  A  reason¬ 
able  explanation  for  this  is  that  most  wind-tunnel  testing 
to  date  has  been  for  aerodynamic  performance  purposes.  It  is 
true  that  most  of  the  rotors  tested  in  recent  years  have 
been  instrumented  with  strain  gages;  however,  these  gages 
were  primarily  used  for  safety  of  test  purposes  and  in  most 
instances  were  used  only  casually  for  loads  correlation.  The 
problems  defined  are  briefly  discussed  in  this  section  along 
with  some  general  comments  on  salient  features  of  the  set  of 
very  well  behaved  data  obtained  during  the  subject  tests. 

The  best  introduction  to  the  problems  is  a  series  of  questions 

-  What  constitutes  good  loads  correlation  between 
tunnel  and  flight  tests? 

How  are  corresponding  conditions  determined  for  a 
rotor  in  the  wind  tunnel  and  a  rotor  in  free  flight? 

Is  it  possible  to  obtain  good  correlation  between 
loads  determined  in  a  full-scale  air  tunnel  and 
loads  determined  in  free  flight? 

The  answers  to  these  questions  are  mandatory  before  a  stronger 
case  can  be  made  for  the  Freon  tunnel . 

Correlation  Criteria 


Correlation  between  tunnel  and  flight  tests  means  something 
different  in  all  of  the  following  areas:  performance, 
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stability,  moments/stress ,  shear  force,  and  vibration.  The 
farther  down  the  List,  the  more  difficult  the  test  concepts 
become.  The  rules  for  correlation  can  readily  be  established 
for  performance  and  stability.  The  rules  for  shear  force  and 
vibration  appear  to  be  very  complex  at  this  stage.  However, 
the  question  here  deals  with  the  rules  for  correlating 
moments,  or  stress;  the  determination  of  such  rules  is  possible. 

Good  correlation  may  be  defined  as  follows.  Instrument  a 
rotor  with  strain  gages  for  testing  both  in  the  tunnel  and  in 
flight.  Using  the  same  scale  factors  ttiroughout,  if  the  out¬ 
put  waveform  from  the  same  gage  can  be  exactly  superposed  for 
corresponding  test  conditions,  then  good  correlation  has  been 
obtained.  This  definition  may  be  relaxed  in  various  ways,  for 
instance,  it  could  be  required  that  the  one-half  peak-to-peak 
loads  and  the  amplitudes  of  the  first  n  harmonics:  must  agree 
within  a  certain  percent.  The  main  thing  is  to  have  criteria 
determined  ahead  of  time. 

Determination  of  Corresponding  Test  Conditions 

When  an  attempt  is  made  to  define  corresponding  test  conditions, 
the  question  arises' as  to  the  purpose  of  the  test:  aerodynamic 
performance,  stability,  moments,  forces, or  vibration.  The 
lists  of  parameters  will  vary  with  each  of  these  purposes,  and 
they  will  vary  between  the  methods:  calculation,  tunnel  test, 
and  flight  test.  Since  most  of  the  rotor  tests  to  date  have 
been  conducted  for  performance  reasons,  there  is  a  tendency 
to  satisfy  the  lists  defining  the  flight  condition  for  per¬ 
formance  correlation  without  recognizing  the  necessity  to 
tailor  the  list  for  loads  when  loads  correlation  is  wanted. 

A  convenient  way  to  determine  what  list  was  used  in  a  given 
case  is  to  note  the  coordinates  and  legend  in  published  figures 
to  see  what  was  thought  necessary  to  define  the  test  condition. 
An  example  is  Figure  30  of  Reference  10,  wherein  correlation 
between  loads  for  tunnel,  flight,  and  calculation  is  presented. 
Stress  is  shown  at  a  state  defined  by  V,  L,  D, and  a  for  a  rotor 
whose  dimensional,  kinematic,  and  dynamic  properties  are 
defined.  No  definition  of  hub  impedance  along  and  normal  to 
the  shaft  is  given. 

For  determining  hinged-rotor  stress,  this  omission  may  not 
be  important  since  the  hinges  effectively  decouple  the  blades 
from  the  pylon  for  moments  and  stress.  However,  even  for  the 
hinged  rotor,  the  specification  of  hub  impedance  is  important 
if  hub  shears  or  vibration  is  the  object  of  correlation. 

For  the  teetering,  semirigid  rotor,  the  impedances  must  be 
defined  to  establish  corresponding  test  conditions  between 
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flight  and  tunnel  even  for  moment  or  stress  correlation  since 
the  rotor  couples  strongly  with  the  pylon.  More  will  be  said 
about  this  in  later  paragraphs. 

Another  example  of  stress  data  presentation  is  Figure  59  of 
Refererce  5  wherein  stress  is  related  to 

(a)  ac,  -0,  n,  M(t  090i),  V,  and  =  0 

for  a  defined  rotor  and  undefined  hub  impedance.  A  cross 
plot  of  these  same  data  pr'esents  stress  as  a  function  of 

(b)  CL/r,  Cq/'’,  ;.  ,  M(1.0,90.V  V  and  al  =  °* 

Plotting  within  the  boundaries  specified  in  (b)  produces 
well-behaved  stress  curves  which  are  functions  of  these 
variables  if  dynamic  effects  are  absent.  When  dynamic 
effects  ere  present,  plotting  stress  as  a  function  of  these 
variables  is  misleading  because  it  assigns  incorrect  causes. 

In  addition,  the  practice  of  setting  flapping  to  zero  removes 
a  variable  which  is  important  for  loads  correlction.  A 
better  set  of  variables  for  loads  correlation  is  given  by 

(c)  C L/c,  Cd/3,  V,  ,  a,  ,  als,  end 

with  blade  dynamic  and  hub  impedance  properties  defined  for 
the  case  of  the  semirigid  rotor. 

The  use  of  these  coordinates  does  not  change  the  aerodynamics 
and  has  the  advantage  of  allowing  the  rotor  natural  frequency 
plots  to  be  readily  used  to  interpret  dynamic  effects.  These 
effects  are  especially  clear  in  the  data  of  the  subject  tests 
as  indicated  in  the  surfaces  plotted  in  Figure  28  .  A  great 
deal  can  be  learned  from  further  studies  of  these  data  with 
respect  to  defining  the  importance  of  an  indicated  resonance 
shown  by  the  frequency  plot. 

It  is  known  that  it  is  difficult  to  design  a  rotor  which  is 
completely  free  of  resonance  or  near-resonance  over  the 
entire  rotor  speed  range  owing  to  the  effects  of  rom  and 
collective  pitch.  It  is  also  known  that  no  catastrophic 
effects  result  from  operating  at  an  indicated  resonance; 
however,  the  reasons  for  this  are  not  known.  Possible  reasons 
include;  structural  damping,  a  self-limiting  mechanism  in 
the  aeroelastic  loads,  cyclic  detuning,  or  other  nonlinear  or 
unsteady  effects  which  preclude  steady-state  resonance. 

Cyclic  detuning  is  considered  to  be  an  especially  important 
effective  damping  mechanism  for  rotor  modes  whose  frequencies 
vary  significantly  with  pitch.  In  such  cases,  steady-state 
resonance  only  occurs  for  zero  cyclic  feathering. 
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It  is  aLso  desirable  to  be  able  to  separate  response  peaks 
which  are  due  to  dynamic  effects  from  those  due  to  unsteady 
aerodynamic  effects.  The  data  from  the  subject  tests  appear 
to  contain  both  types  of  peaks. 

The  argument  that  the  parameters  of  (a),  (b),  and  (c )  of  the 
previous  page  are  equivalent  for  loads  correlation  must  be 
carefully  reevaluated  since  in  presenting  loads  data  the  vari¬ 
ables  indicated  are  usually  taken  at  face  value,  and  cause  and 
effect  relations  are  assigned  to  the  variables  displayed. 

This  assumption  of  equivalence  is  responsible  for  considerable 
confusion  and  misinterpretation  whenever  dynamic  amplification 
or  attenuation  is  appreciable. 

As  indicated  ^bove,  the  definition  of  hub  impedance  along 
and  normal  to  the  shaft  is  necessary  for  establishing 
corresponding  conditions  between  free  flight  and  the  wind 
tunnel  for  moments,  shears,  and  vibration  in  the  case  of  the 
two-bladed  teetering  rotor,  and  for  shears  and  vibration  in 
the  case  of  the  hinged  rotor.  The  problem  can  be  viewed 
thus:  The  mass  and  elastic  properties  of  the  hub  and  blade 
can  be  accurately  defined.  The  loads  developed  in  the  blade 
in  flight  depend  on  the  aerodynamic  reactions  which  are, 
among  other  things,  functions  of  azimuth  and  frequency  and 
the  dynamic  reactions  at  the  hub  which  are  also  functions 
of  azimuth  and  frequency.  Much  effort  has  been  expended 
in  determining  the  airload  reactions,  while  relatively  little 
research  has  been  aimed  at  the  definition  of  hub  impedance. 

On  several  occasions  during  the  past  15  years,  variations  in 
hub  impedance  have  shown  appreciable  effects  on  rotor  loads. 
The  lack  of  precise  understanding  of  this  problem  has  neces¬ 
sitated  the  use  of  factors  of  safety  in  rotor  design  and  often 
has  frustrated  attempts  to  correlate  loads  determined  by 
analysis  and  test.  To  remove  these  deficiencies,  research 
toward  an  accurate  treatment  of  hub  impedance  has  accelerated 
during  the  past  year,  taking  advantage  of  improvements  in 
analytical  and  test  methods  accruing  over  a  period  of  several 
years.  Significantly  improved  treatments  of  hub  impedance 
are  now  being  incorporated  in  all  rotor  loads  analyses. 

The  hub  impedance  problem  has  important  implications  for 
establishing  corresponding  test  conditions  between  the  Freon 
tunnel  and  the  flight  tests  of  the  UH-1B  used  for  comparison. 
No  attempt  was  made  to  scale  the  impedance  along  the  drive 
shaft;  and,  although  the  first  pylon  frequency  was  scaled,  its 
inertia  was  net  because  it  was  not  feasible  to  scale  its 
weight.  The  magnitude  of  the  error  in  loads  from  this 
source  is  not  known. 


Loads  Correlation  Between  Full-Scale  Flight  and  Full-Scale 
Tunnel  Teats _ _ _  _ 


The  quarter-scale  Freon  tunnel  tests  show  good  trend  correla¬ 
tion;  however,  the  Quantitative  correlation  is  not  as  good  as 
desired.  At  this  time  it  is  not  possible  to  determine  if  the 
lack  of  correlation  is  due  to  the  Freon  medium,  the  nonscaled 
model  hub  impedance  or  some  other  factors.  Valuable  guidance 
in  resolving  this  question  could  have  been  obtained  from  a 
correlation  study  between  the  full-scale  rotor-pylon  system  in 
a  full-scale  tunnel  and  in  free  flight.  Such  a  test  was  not 
accomplished,  and  it  is  not  known  to  what  extent  full-scale 
correlation  could  achieved  primarily  because  of  the  hub 
impedance  question.  Lack  of  full-scale  correlation  would  not 
likely  be  ascribed  to  the  medium. 

Summary  of  Loads  Correlation  Concepts 

The  preceding  disucssion  has  been  aimed  at  putting  the  loads 
correlation  problem  in  perspective  both  for  model  and  full- 
scale  tunnel  tests  by  calling  attention  to  (1)  the  need  for 
more  precise  correlation  criteria,  (2)  the  necessity  for 
exercising  great  care  in  determining  corresponding  test 
conditions  between  tunnel  and  flight,  and  (3)  the  need  to 
establish  correlation  between  full-scale  wind  tunnels  and 
free  flight. 
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CONCLUSIONS 


Small-scale  rotor  performance  and  loads  data  for  -LO-degree 
twist  and  0-degree  twist  two-bladed  teetering  rotor  systems 
have  been  obtained  in  a  Freon  wind  tunnel.  Comparisons  of 
the  model  test  results  with  theory  and  full-scale  test  results 
were  made  to  ascertain  the  validity  of  the  model  test  data. 

The  significant  conclusions  from  the  program  follow: 

•  The  -10-degree  twist  model  rotor  performance  shows 
good  agreement  with  standard  and  thin-tip  UH-1D  Mach 
number  trends,  considering  their  airfoil  profile  and 
thickness  ratio  differences.  In  he  0-degree  twist 
rotor  comparisons,  variations  between  rotor  thickness 
ratios  at  inboard  radius  stations  are  shown  to  have 
little  influence  on  the  Mach  number  trends. 

•  Theoretical  calculations  of  Mach  number  trends  show 
large  overestimation  of  power  above  0.90  advancing- 
tip  Mach  number  when  compared  with  the  model  test  data. 
A  comparison  of  model  and  full-scale  theory  calcula¬ 
tions  indicates  that  the  use  of  NACA  0012  airfoil  data 
did  not  cause  this  behavior.  A  possible  explanation 
for  the  test-theory  differences  is  that  supercritical 
flow  effects  in  Freon  may  be  less  severe  than  in  air. 

An  experimental  model  test  of  a  rotor  using  an  NACA 
0012  airfoil  will  be  necessary  to  answer  this  question. 

•  The  model  and  full-scale  experimental  performance  as 
a  function  of  advance  ratio  show  no  significant  trend 
differences.  Theoretical  predictions  of  the  advance 
ratio  trends  were  made  using  a  uniform  inflow  analysis. 
At  low  lift  coefficients,  the  theory  underestimates 
high  advance  ratio  (M>0.45)  power  requirements.  This 
behavior  is  not  shown  at  higher  lift  coefficients 
because  the  theory  predicts  rotor  stall  at  very  low 
lift  and  propulsive  force  coefficients  in  comparisons 
with  the  model  data. 

•  Trend  correlation  shows  that  it  is  feasible  to  deter¬ 
mine  full-scele,  free-flight  loads  using  a  dynamically 
scaled  model  in  the  Freon  tunnel. 

•  Quantitative  correlation  of  the  oscillatory  moments  of 
the  model  and  flight  test  data  did  not  yield  the 
accuracy  desired.  Sources  of  error  large  enough  to 
account  for  the  difference  between  the  tunnel  and 
flight  loads  probably  reside  in  the  nonscaled  hub 
impedance  and  discrepancies  in  the  original  fully 
scale  rotor  stiffness  values  used  for  model  scaling. 
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•  The  criteria  and  methods  for  rotor  correlation  studies 
between  free-f light  and  tunnel  teats  for  the  categories 
of  aerodynamic  performance,  stability,  vibration,  rotor 
moments,  and  rotor  shear  forces  have  not  been  ade¬ 
quately  defined  in  the  past.  Results  from  the  subject 
tests  offer  significant  improvements  in  test  concepts 
for  loads  correlation. 
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Figure  1.  Model  Installed  in  Tunnel. 
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Figure  2.  Model  Schematic 
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Pigure  4.  Control  Console. 
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ROTOR  1 _ -10 
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Figure  5.  Typical  Rotor  Cross  Sections. 
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NATURAL  FREQUENCY,  CPM 


PRODUCTION  MODEL  540  ROTOR 
2  BLADES 
44 -FT  DIA 
27 -IN.  CHORD 
-10- DEG  TWIST 

TEETERING  HUB  -  NO  HUB  MOTION 


Figure  7.  Uncoupled  Rotor  Natural  Frequencies, 
Full-Scale  Rotor  (Collective  Mode). 
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NATURAL  FREQUENCY,  CPH 


PRODUCTION  MODEL  540  ROTOR 
2  BLADES 
44 -FT  DIA 
2 7 -IN.  CHORD 
-LO-DEG  TWIST 

TEETERING  HUB  -  NO  HUB  MOTION 


ROTOR  SPEED,  RPM 

Figure  8.  Uncoupled  Rotor  Natural  Frequencies, 
Full-Scale  Rotor  (Cylic  Mode). 


41 


540  DYNAMIC  MODEL  -  BONDED  SPAR  DESIGN 
2  BLADES 
II . O'PT  D1A 
6. 7 -IN.  CHORD 
-10- DEG  TWIST 

TEETERING  HUB  -  NO  HUB  MOTION 


Pigure  9.  Uncoupled  Rotor  Natural  Frequencies , 
-10 -Degree -Twist  Model  Rotor 
(Collective  Mode). 
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540  DYNAMIC  MODEL  -  BONDED  SPAR  DESIGN 
2  BLADES 
U.O-rr  DIA 
6. 7- IN.  CHORD 
-10»DEG  TWIST 

TEETERING  HUB  -  NO  HUB  MOTION 


ROTOR  SPEED,  RPM 

Figure  10.  Uncoupled  Rotor  Natural  Frequenciaa t 
-10-Degree -Twi at  Model  Rotor 
(Cyclic  Mode). 
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HIGH  SPEED  MODEL  •  BONDED  TAPERED  SPAR 


2  BUDES 
ii.O-PT  OXA 
6. 7 -IN.  CHORD 
0-DEC  TWIST 
TEETERING  HUB 


4800  _ 


4000  4 


3200  J 


2400 


1600 


8004 


NO  HUB  MOTION 
[COLLECTIVE  MODE  I 


6/REV 


1ST  CH0RDW1SE 
ASYM 


3RD  PIAPW1SE  SYM 
4/REV 


2ND  PLAPWISE  SYM 


REV 


1ST  PLAPWISE  SYM 


UIVALENT 
OPERATING 
RPM 


ROTOR  SPEED,  RPM 


Figure  11.  Uncoupled  Rotor  Natural  Frequencies, 
0-Degree-Twist  Model  Rotor 
(Collective  Mode). 
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Figure  13.  Model  Test  Conditions 


COEFFICIENT 


AJDVANCING-TIP  MACH  NUMBER,  ADVANCINO-TIP  MACH  NUMBER, 
M(I.O,  900  MC1.0,  900 


ADVANCING-TIP  MACH  NUMBER,  M(]_>0  9Q) 

Figure  14.  Nondimensional  Performance  of  the  -10-Degree-Twist 
Model  Rotor  as  a  Function  of  Advancing-Tip  Mach 
Number  at  0.30  Advance  Ratio  With  Full-Scale  UH-lD 
Rotor  and  Theory  Performance  Comparisons. 


.004 
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SI 


8 


ADVANCING  TIP  MACH  NUMBER, 
M(l.0,  900 


Figure  L5.  NondimensionaL  Performance  of  a  -LO-Degree-Twist 
Model  Rotor  as  a  Function  of  Advancing-Tip  Mach 
Number  at  0.30  Advance  Ratio  With  Standard  Tip 
and  Thin  Tip  UH-ID  Rotor  Comparisons. 


COEFFICIENT  _  I  (1,0 


*Sse  page  17 


ADVANCE  RATIO,  4  ADVANCE  RATIO, 


(a)  M(I.O,  90.) 


0.80 


Figure  16.  Nondimens iona I  Performance  of  the  0- Degree-Twist 
Model  Rotor  as  a  Function  of  Advance  Ratio  at 
Various  Advancing-Tip  Mach  Numbers  With  Full-Scale 
UH-lB  (Modified)  Rotor  and  Uniform- Inf  low  Theory 
Performance  Comparisons. 
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ADVANCE  RATIO, M 

(a)  Concluded. 
Figure  16.  Continued. 
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(b)  Concluded. 

Figure  16.  Continued. 
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(c)  Concluded. 


Figure  16.  Continued 


Figure  L6.  Continued 


ADVANCE  RATIO,  M 


(d)  Concluded. 


Figure  16.  Concluded. 
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TORQUE  COEFFICIENT  v  ”(1.0.  90) 


0  .7  .8  .9  1.0  0.7  .8  .9  1.0 


ADVANCING-TIP  MACH  NUMBER,  M,.  n  Qnv 
(a)  A*  =  0.31,  0.36  u,u»  yuj 

Figure  17.  Nondimensional  Performance  of  the  0-Degree-Twist 
Model  Rotor  as  a  Function  of  Advancing-Tip  Mach 
Number  at  Various  Advance  Ratios  With  Full-Scale 
UH-1B  (Modified)  Rotor  and  Uniform-Inflow  Theory 
Performance  Comparisons . 
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ADVANCING-TIP  MACH  NUMBER,  M(1  Q  9Q) 


Nondimensional  Comparison  of  Freon  O-Degree- 
Twist  Model  and  Full-Scale  UH-1B  (Modified) 
Theoretical  Rotor  Performance  as  a  Function 
of  Advancing-Tip  Mach  Number  at  (*=  0.30. 
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LIFT  CO EFFICI ENT/SOLI DITY  RATIO,  C^/' 


(a)  Cj/cr  vs  ac 


Figure  19.  Nondimensional  Comparison  of  the  0-Degree-Twist 
Freon  Experimental  and  Theoretical  Performance^ 
Including  Various  Control  Positions  at  4  =  0.44; 

M(1.0,  900  =  °'77’ 
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DRAG  COEFFICIENT/SOLIDITY  RATIO,  C  / 


(b)  CD/o-  vs  Cg/tr 
Figure  19.  Concluded. 
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RADIAL  STATION  -  0.05R 


-4  0  4  8  12  16 


ROOT  COLLECTIVE  PITCH ,  60,  DEG 
(a)  FLAPWISE 

Figure  21.  A  Sample  of  Flapwise,  Chordwiae ,  and  Torsional 
Oscillatory  Bending  and  Twisting  Moment  Data  at 
Several  Radial  Stations,  V  -  137  Knots, 
y  ■  0.29,  -  0°,  M(i.o,90.)  "  0,&6, 
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ROOT  COLLECTIVE  PITCH,  0q,  DEG 
(a)  FLAPWISE  CONCLUDED 

Figure  21.  Continued. 
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OSCILLATOR 


Figure  21.  Concluded 


OSCILLATORY  MOMENT 


OSCILLATORY  MOMENT,  IN. -LB 


ROOT  COLLECTIVE  PITCH,  0Q,  DEG 
(c)  TORSIONAL 


Figure  22.  Concluded. 
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OSCILLATORY  MOMENT 


60 


RADIAL  STATION  =  0.05R 


DRAG  COEFFICIENT  -  SOLIDITY  RATIO 

V° 

(a)  FLAPWISE 


Figure  23. 


The  Effect  of  Drag  on  Flapwise,  Chordwise,  and 
Torsional  Oscillatory  Bending  and  Twisting  Moment 
Data  at  Several  Radial  Stations  for  Constant  Lift, 


V  =  137  Knots,  \i  =  0.29,  Q1  =  0®,  M(1>0t90.)  =  °-96- 
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OSCILLATORY  MOMENT,  IN. -LB 


RADIAL  STATION  -  0.71R 


DRAG  COEFFICIENT  -  SOLIDITY  RATIO 

CD/a 

(a)  FLAFWISE  CONCLUDED 


Figure  23.  Continued. 
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OSCILLATORY  MOMENT,  IN. -LB 


800 


-.012  -.008  -.004  0  .004  .008  .012 

DRAG  COEFFICIENT  -  SOLIDITY  RATIO 

CD/C 

(b)  CHORDWISE 
Figure  23.  Continued. 
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DRAG  COEFFICIENT  -  SOLIDITY  RATIO 

v° 

(c)  TORSIONAL 


Figure  23.  Concluded. 
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OSCILLATORY  MOMENT,  IN 


3 


DRAG  COEFFICIENT  -  SOLIDITY  RATIO 
CD/a 

(a)  FLAPWISE 


Figure  24. 


The  Effect  of  Drag  on  Flapwise,  Chordwise , 
Torsional  Oscillatory  Bending  and  Twisting 
Moment  Data  at  Several  Radial  Stations  for 
Constant  Lift,  V  =  201  Knots,  n  =  0.49,  P, 
M,,  r\  nn  n  =  0.95.  1 


and 


0* 


» 
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(a)  FLAFWISE  CONCLUDED 
Figure  24.  Continued. 
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RADIAL  STATION  =  0.03R 


i  finn 


DRAG  COEFFICIENT  -  SOLIDITY  RATIO 


V° 

(b)  CHORDWISE 


Figure  24.  Continued. 


DRAG  COEFFICIENT  -  SOLIDITY  RATIO 


(b)  CHORDWISE  CONCLUDED 


Figure  24.  Continued. 


0 - 

-.012  -.008  -.004  0  .004  .008  .012 

DRAG  COEFFICIENT  -  SOLIDITY  RATIO 
CD/ o 

(c)  TORSIONAL 
Figure  24.  Concluded. 
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OSCILLATORY  FLA 


LIFT  COEFFICIENT  -  SOLIDITY  RATIO 


CL/o 

(a)  RADIAL  STATION  =  0.23R  CONCLUDED 


Figure  25.  Continued 


LIFT  COEFFICIENT  -  SOLIDITY  RATIO 
CL/0 

(b)  RADIAL  STATION  =  0.45R 


Figure  25.  Continued. 


LIFT  COEFFICIENT  -  SOLIDITY  RATIO 
CL/0 

(b)  RADIAL  STATION  =  0.45R  CONCLUDED 


Figure  25.  Continued. 


OSCILLATORY  FLA WISE  MO  KENT,  IN 


.04  .05  .06  .07  .08  .09  .10  .11 

LIFT  COEFFICIENT  -  SOLIDITY  RATIO 
CL/0 

(c)  RADIAL  STATION  =  0.71R 
Figure  25.  Continued. 
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LIFT  COEFFICIENT  -  SOLIDITY  RATIO 

CL/a 

(a)  FLAFWISE 


Figure  26 .  The  Combined  Effect  of  Twist  and  Thin  Tips  on  Flap- 
wise,  Chordwise,  and  Torsional  Oscillatory 
Moment  Data  as  a  Function  of  Lift  for  Three  Values 
of  Drag  at  Radial  Station  0.45R,  V  *  137  Knots, 

“  =  °-29-  M(I . 0,90. )  *  °-96- 
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OSCILLATORY  MOMENT,  IN 


.02  .03  .04  .05  .06  .07  .08 

LIFT  COEFFICIENT  -  SOLIDITY  RATIO 
CL/c 

(a)  FLA  WISE  CONCLUDED 
Figure  26.  Continued. 
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LIFT  COEFFICIENT  -  SOLIDITY  RATIO 

V° 


(b)  CHORDWISE 
Figure  26.  Continued. 


.02  .03  .04  .05  .06  .07  .08 

LIFT  COEFFICIENT  -  SOLIDITY  RATIO 

CL/a 

(b)  CHORDWISE  CONCLUDED 
Figure  26.  Continued. 
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.02  .03  .04  .05  .06  .07  .08 

LIFT  COEFFICIENT  -  SOLIDITY  RATIO 
CL/c 

(c)  TORSIONAL 


Figure  26.  Continued. 
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.02  .03  .04  .05  .06  .07  .08 


LIFT  COEFFICIENT  -  SOLIDITY  RATIO 

V° 

(c)  TORSIONAL  CONCLUDED 


Figure  26.  Concluded. 
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VIBRATORY  STRESS  AMPLITUDE,  PSI 


TIP  MACH  NUMBER,  M(l>0>9(h) 

Figure  27.  Example  Figure  Showing  the  Effect  of  Advancing -Tip 
Mach  Number  on  Flapwise  Rotor  Loads,  C-/o  =0.004, 

\i  =  0.40,  0.  =  0°  (From  Figure  76,  Reference  5). 


(a)  DISC  LOADING  =  I  LB/FT2 


Figure  28.  The  Effect  of  Advancing  Tip  Mach  Number  on 

Flapwise  Oscillatory  Moments  at  Radial  Station 
0.45R  for  Several  Values  of  Drag  and  Disc 
Loading  at  fi  =0.45. 
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Figure  28.  Continued 


Figure  28.  Concluded. 


ADVANCE  RATIO,  p. 
(a)  FLAFWISE 


Figure  29.  The  Effect  of  Advance  Ratio  on  Flapwise,  Chordvise , 
and  Torsional  Oscillatory  Moments  at  Radial  Station 
0.45R  at  Three  Values  of  Disc  Loading,  M,.  n  Qn  ^  = 

nonn-no  (.  I .  U  ,  yu.  ; 
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OSCILLATORY  MOMENT,  IN. -LB 


ADVANCE  RATIO,  p. 

(a)  FIAEWISE  CONCLUDED 
Figure  29.  Continued. 
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OSCILLATORY  MOMENT,  IN. -LB 
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ADVANCE  RATIO,  \i 
(b)  CHORDWISE  CONCLUDED 


Figure  29.  Continued. 
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.30  .35  .40  .45  .50  .55 

ADVANCE  RATIO,  \i 
(c)  TORSIONAL 


Figure  29.  Continued. 
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OSCILLATORY  MOMENT,  IN 


ADVANCE  RATIO,  ti 
( c  )  TORS  I ONAL  CONCLUDED 


Figure  29.  Concluded. 
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OSCILLATORY  BENDING  MOMENT  x  10“ 


50 


I 


I 


STATION  0.23Rj_5o 


FLIGHT  |  FLIGHT 


OSCILLATORY  BENDING  MOMENT  x  10  ,  IN. 


V^'°  | 


0°  360° 

(b)  CHORDWISE 


Figure  30.  Concluded. 
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FLIGHT 


BQ 


(a)  FLA  WISE 

Figure  31.  Comparison  of  Computed  and  Measured  Flapwise  and 
Chordwise  Bending  Moment  Harmonic  Amplitudes  at 
Several  Radial  Stations,  V  =  128  Knots,  9^  =  -10®, 

*  =  °-29’  M(1 . 0 , 90. )  =  0<89, 
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OSCILLATORY  BENDING  MOMENT,  IN. -LB 
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(a)  FTAPWISE  CONCLUDED 

Figure  31.  Continued. 
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Cb)  CHORDWISE 

Figure  31.  Continued. 
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OSCILLATORY  BENDING  MOMENT,  IN. -LB 


RADIAL  STATION  0.7IR 


OVERALL  I/REV  2/REV  3/REV 

(b)  CHORDWISE  CONCLUDED 


Figure  31.  Concluded. 
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Figure  32.  Transient  Loads  and  Flapping  Excited  by  a 
1-Degree  Step  Input  in  Cyclic  Pitch,  V  ■ 
116  Knots,  u  *  0.30,  Mn. o.90.)  ■  0.80, 
CL/o  ■  0.084,  Cp/a  *  -0.010. 
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Figure  33.  Transient  Loads  and  Flapping  Excited  by  a 
1-Degree  Step  Input  in  Cyclic  Pitch,  V  « 
190  Knots,  u  *=  0.49,  Mn.o,90.)  *  0.90  , 
CL/o  -  0.018,  CD/o  -  -0.001. 
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Figure  34.  Transient  Loads  and  Flapping  Excited  by  a 
1-Degree  Step  Input  in  Cyclic  Pitch,  V  - 
243  Knots,  y  =  0.72,  M(l.Q,90.)  “  0.91, 
CL/o  =  0.013,  CD/o  =  0.010. 
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APPENDIX 

TABULATED  AERODYNAMIC  DATA 


The  data  praaantad  In  thle  appendix  war*  racordad  by  tha 
Tranaonlc  Dynaalca  Tunnal  at  tha  NASA -Lang  ley  Reaearch  Cantar. 
Tha  a  a  data  Include  tha  taat  conditlona,  rotor  conf  lfuratlon, 
root  collactiva  pitch,  blada  flapping  angla,  and  lift,  drag, 
and  torqua  coafflclanta  dlvldad  by  tha  rotor  aolldlty. 

Slx>coaponent  fore  a  a  and  aoaunta  were  Measured  by  an  Intamal 
balance.  Tha  tara  correct  Iona  are  shown  on  Plgura  35,  and 
wara  applied  to  tha  balance  data  to  account  for  tha  forcaa 
and  aoeenta  produced  by  tha  baalc  Model,  falrlnga,  and  rotating 
hub.  Tha  rotating  hub  taraa  Included  all  ha  I'd  wara  Inboard  of 
tha  blada  attachaent  point  (Blada  Station  11.4).  Tha  taraa 
ware  applied  baaed  on  tunnal  dynaalc  praaaura  and  ahaft  angle. 
Rotor  downwaah  af facta  on  tha  taraa  wara  neglected,  and  no  data 
adjuetaente  wara  aada  for  wall  af  facta. 
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FORCES /q,  MOMEKTS/q  -  LB'PSF,  IJ  -LB  PSF 
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FUSELAGE  PITCH  ANGLE,  OEG. 


(a)  DYNAMIC  TARES 
Figure  35.  Model  Tare  Correction!. 
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Figure  35.  Continued. 
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(c)  STATIC  TARES 


Figure  35 .  Concluded 
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TEST  1S1  11 -FOOT  ROTOR 
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TEST  151  il-FOOT  ROTOR 

RUN  10  N  *  .30  M(1.0  90)  *  *72  RPM  =  478 

PY  ALPHA  THCTAO  CJSSIG  * CLP/Slu  COP/SIG  *FS  v/OH* 
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TEST  151  11-FOOT  ROTOR 

RUN  11  Fa  .30  H(10  go)  *  .79  RPM  =  534 
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TEST  151  11-FOOT  ROTOR 

RUN  12  M=  .29  M(1.0  90)  =  *86  RPM  =  582 
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TEST  151  11 -FOOT  ROTOR 

RUN  L3  M  =  .29  M(1.0  90)  =  *9L  RPM  =  617  \  ~  0C 

ALPHA  TilLlAO  CO/^lu  LLf/blG  C.JP/ii^  S  V/UM-<  M  TIP 
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TEST  151  11-FOOT  ROTOR 

RUN  14  *  =  .29  M(1.0,  90)  =  *96  RPM  =  652 

ALPHA  rHCIAO  LJ/Sio  CLP/SIG  CJP/S1G  VFS 
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TEST  151  11-FOOT  ROTOR 
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TEST  151  11-FOOT  ROTOR 

RUN  16  F  =  .34  M(1  Qj  9Q)  =  .81  RFM  =  52S 

ALPHA  IHEIAC  CJ/SIO  Cl>/SiG  CJP/SIG  VFS  V/CiMH 
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TEST  151  11 -FOOT  ROTOR 

RUN  17  M  =  .36  M(i.o  90)  =  *91  RPM  =  591  B\  =  °‘ 
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TEST  151  11-FOOT  ROTOR 

RUN  18  M  =  .41  M(i.o,  90)  =  *95  RPM  =  597 

ALPHA  IiIEIAO  Cj/SIG  CLP/SIG  CJP/Sil,  \f  FS  V/UMR 
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TEST  151  11 -FOOT  ROTOR 

RUN  19  M  =  .39  M(1  Q  9Q)  =  .84  RPH  =  530 

ALPHA  THE1AC  Cw/Slb  CLP/SIG  C JP/S I  £  VFS  V/UMK 
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TEST  151  11-FOOT  ROTOR 

RUN  24  .49  M(1  Q  9Q)  =  .80  RPM  =  474 

ALPHA  f  HE  TAG  C4/ilG  CL3/SI6  LiJP/SIG  YFS  V/JMA 
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TEST  151  11-FOOT  ROTOR 

RUN  25  M  -  .48  M(1.0f  90)  =  *85  ****  =  508  jL  =  °° 

ALi'hA  Lj/ilo  CLP/Sib  OP/SIi  VFS  V/JM*  'I  TIP 
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TEST  151  11-FOOT  ROTOR 

RUN  26  s  .49  M(1.0,  90)  =  *90  R™  =  535 

ALPHA  ThEfAO  CJ/SIG  CLP/SIb  CJP/SIG  VFS  V/.JMR 
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TEST  151  11-FOOT  ROTOR 

RUN  27  M  =  .49  M(1  Q  9Q)  =  .95  RFH  =  566 

ALPHA  THE T AO  Ca/SIG  CLP/SIG  cjp/sig  vfs  v/omr 
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TEST  151  11-FOOT  ROTOR 

RUN  28  Ms  .58  M(1q  9Q)  =  .80  RPM  =  449  #L  =  0‘ 
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TEST  151  11-FOOT  ROTOR 

RUN  29  *  =  .58  M(l  Q  9Q)  =  .85  RFM  =  478 
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TEST  151  11-FOOT  ROTOR 

RUN  30  M  =  .55  M(1.0,  90)  =  -91  W*  =  513 

ALPHA  THE TAO  C3/SIG  CLP/SIG  COP/SIG  VFS  .  V/3MR 
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TEST  151  11-FOOT  ROTOR 

RUN  31  M  =  .56  M(1  Q  9Q)  =  .96  RPM  =  542 

ALPHA  THE  FAO  CQ/SIG  CLP/SIG  CQP/SIG  VFS  V/OMK 


M^O»N(V^S'ftN»nO^OBTNO'M 


0 

o 

it 


X 


rofjtrcoojooojjjQOfjo 

^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^ 


^  o  it  -e  irm  c  ms  o  n  k  -o  in  ia  «  s  o  -o  it 

i/MAUMMAl/MAUMAIAiMM/MnTUMAUMfi 


•4  H  9 


0'ri30-00i'',‘4,in(*3?,3 

00'P->4f*if*3-*^-'0>0 


Nnm  <*.«•»  <*3-#i*3*i*3«*3i»3i*3i*32f'*'j***f 

(wt*»r».f'»l^(—  N  s  N  (>• 


f»miniN'O^^«'*3^»'*®<»'l*l*3»<N'N0' 
*4NNN<tlA'0'0*4*4HOOO  H  O  ^ 

ooooooooooooooooooo 

>  OOOOOOOOOOOOOOOOOOO 

*  *  *  1 1  r  * 


COIM'ttS)<0800N^IM^«<04,TlM>4 

ffeOMOSO^-HlflO^eOOOlTH^^N 

wc^NoosconOMTffHfl-tBruBa 

OOOOOOOOOOOOOOOOOOO 


(M#*NNN>OAITO'I*'NhOB(TNhB 

r-mino''*iO'.-<.rr»>o®-Hj'^— •not*® 

-irg^nOOO-i*l-f>fl/'iO'Ti(Tl/MB 

OOOOOOOOOOOOOOOOOOO 

OOOOOOOOOOOOOOOOOOO 


nj.*infNr-'*3'*3  4,00>O-*IN'J*®C>.O4'.OIN 
4^h<(TBN0J|KI^-*'#^N0IN#0 


• 

«4 

• 

t 

<# 

• 

• 

1 

• 

1 

• 

P* 

• 

fn 

• 

• 

O' 

• 

* 

*4 

t 

• 

<\J 

• 

rg 

• 

* 

• 

>0 

• 

>0 

• 

00 

®4 

H 

*4 

^4 

^4 

*4 

*4 

-4 

Ol 

f*3 

IN 

IN 

a* 

o 

7* 

33 

* 

in 

* 

* 

♦ 

* 

O' 

•4 

1*3 

® 

3 

3 

O 

O 

o 

-4 

O 

O 

O' 

O' 

O' 

O' 

O' 

O' 

O' 

4 

-0 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

in 

in 

in 

n 

* 

4- 

>* 

4- 

* 

<* 

O' 

O' 

O' 

<* 

4- 

i 

i 

1 

i 

l 

i 

1 

• 

1 

9 

» 

<*3 

* 

ui 

<0 

33 

o> 

o 

IN 

ro 

*■ 

n 

o 

® 

O' 

n 

p4 

1*3 

f*3 

<*3 

*3 

1*3 

(*3 

«r 

«* 

«* 

«r 

>r 

* 

*■ 

>* 

♦ 

n 

in 

T» 

r~ 

T«. 

N. 

*• 

N* 

h» 

r- 

N> 

f- 

N. 

*■» 

r» 

144 


TEST  151  11-FOOT  ROTOR 

RUN  32  M  =  .63  M(1.0t  90)  =  «91  RPM  =  492  =  °° 
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TEST  151  11-FOOT  ROTOR 

RUN  34  M  =  .67  M(1  Q  9Q)  =  .86  RPM  =  451  =  0‘ 

ALPHA  THfclAO  CJ/ilU  CLP  75 IG  CJP/SIj  VFS  V/UNR  M  TIP 
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TEST  151  11-FOOT  ROTOR 

RUN  36  *  =  .72  M(1  0  9Q)  =  .96  RPM  =  493 

ALPHA  T  HE  T  A  0  Cj/SIb  CLP/SIG  CUP/SIG  VFS  V/CJM* 
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TEST  151  11 -FOOT  ROTOR 

RUN  37  M=  .70  M(1.0  90)  =  *86  ^  =  442  9^=0 

ALPHA  THfcTAO  Cd/SIG  CLP/SIG  COP/SIG  VFS  V/OMK  M  IIP 
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TEST  151  11-FOOT  ROTOR 

RUN  39  **=  .44  M(1.0,  90)  =  *62  RPH  =  375 

ALPHA  THE  I  AO  CO/blt,  CLP/SIC.  COP/SIG  VFS  V/ JMW 
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TEST  151  11 -FOOT  ROTOR 

RUN  41  ^  =  .83  M(1  o,  ,0)  =  '47  =  224 

ALPHA  THEIAO  CO/SIG  CLP/SIG  C3P/SIG  VFS  V/UHR 
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